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The formation and structure of inclusion complexes between α-cyclodextrin (α-CD) and 
adamantane, 1-adamantanol, 1-(hydroxymethyl)-adamantane, 2-adamantanol and 1,3-
adamantanediol in aqueous solutions were studied by 
1H NMR spectroscopy using both 
exchangeable and non-exchangeable protons. Complexes were formed with all adamantane 
derivatives with the exception of 1,3-adamantanediol. Similarities between the α-
CD/adamantane and the α-CD/2-adamantanol complexes were evidenced by the appearance 
of a narrow and upfield shifted O(3)H signal for α-CD in the complex. α-CD formed 1:1 
complexes with 1-adamantanol and 1-(hydroxymethyl)-adamantane. In both cases the 
O(2)H signal of α-CD was broadened with higher concentration of guest molecule and low 
temperatures.  
1H NMR studies of the hydrogen bonding network in mono-altro-β-cyclodextrin and its 
complex with adamantane-1-carboxylic acid showed that the hydroxy proton chemical 
shifts, temperature coefficients and vicinal coupling constants could be used to monitor the 
formation of intermolecular hydrogen bonds and hydration changes. The conformational 
change undertaken by altrose upon addition of adamantane-1-carboxylic acid allowed a 
more regular hydrogen bond network between the secondary hydroxyl groups in the CD, as 
evidenced by the downfield shift for O(3)H of the glucose-units. 
 
In the second part of the thesis, the interactions between di- and trimannosides, 
substructures of oligomannose-9, and mutants of the HIV inactivating protein cyanovirin-N 
(CV-N) were studied using saturation transfer difference NMR spectroscopy. In one mutant 
CV-N
MutDB, the carbohydrate-binding site on domain B was suppressed while keeping the 
domain A intact. In the other mutant, CV-N
MutDA, the specificity of domain A for 
trimannose was altered while domain B was kept intact. Both mutants recognised all di- and 
trimannosides containing the terminal Manα(1-2)Man epitope. The binding of the mutants 
were similar, with a slightly stronger affinity for the trisaccharide, Manα(1-2)Manα(1-
2)ManαOMe in CV-N
MutDB. Isothermal titration calorimetry data for CV-N
MutDB showed a 
binding affinity of 3.4 ±0.5 μM for the trisaccharide, which is close to the value derived for 
the nonamannoside (4.3 ±0.5 μM). No binding parameters were extracted for CV-N
MutDA 
due to the presence of two binding sites. This study confirm previous findings showing that 
not only the terminal disaccharide but also the linkage to the reducing end residue is 
important for binding to CV-N and thereby also for antiviral activity.  
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 Abbreviations and symbols 
 
AIDS  Acquired ImmunoDeficiency Syndrome 
ATP Adenosine  TriPhosphate 
 
CD cyclodextrin 
CIS Complex  Induced 
1H NMR chemical Shifts 
CV-N Cyanovirin-N 
 
δ chemical  shift 
Δδ  chemical shift difference 
|dδ/dT|  temperature coefficient (absolute value) 
1D / 2D  one-dimensional / two-dimensional 
nD multi-dimensional 
DMSO dimethylsulfoxide 
DQF-COSY Double-Quantum  Filtered COrrelation SpectroscopY 
 
FID  Free Induction Decay 
 
HIV  Human Immunodeficiency Virus 
HMBC Heteronuclear  Multiple-Bond Correlation spectroscopy 
HSQC  Heteronuclear Single-Quantum Coherence 
HSQC-DEPT  HSQC-Distortionless Enhancement by Polarisation Transfer 
HSQC-TOCSY HSQC-TOtal  Correlation SpectroscopY 
 
GlcNAc  N-Acetyl-Glucosamine 
 
ITC  Isothermal Titration Calorimetry   
 
3JAX  vicinal, three-bond coupling between A and X 
 
kDa  kilo Dalton, 1 Da = 1 u, atomic mass unit 
 
μ micro,10 
– 6
m milli,  10 
– 3
M  concentration in mol/dm
3
Man Mannose 
Man9  Oligomannose-9 
 
n nano,  10 
– 9  
NMR  Nuclear Magnetic Resonance 
NOE  Nuclear Overhauser Effect 
NOESY Nuclear  Overhauser Effect SpectroscopY 
 
ω  (omega) symbol for dihedral angle of exocyclic hydroxy 
 
ppm  parts per million 
ppb  parts per billion Φ  (phi) symbol for dihedral angle of a glycosidic linkage 
Ψ  (psi) symbol for dihedral angle of a glycosidic linkage 
 
ROESY  Rotating-frame Overhauser Effect SpectroscopY 
 
STD  Saturation Transfer Difference 
 
TOCSY  TOtal Correlation SpectroscopY 
 
WATERGATE  WATER suppression by GrAdient-Tailored Exitation 
waterLOGSY Water-Ligand  Observed via Gradient SpectroscopY 
 
Å  Ångström, 1 Å = 10 
– 10 m 
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1 Introduction 
 
The periodic table contains 111 elements. Organic chemistry concerns substances 
containing carbon and hydrogen, but also often oxygen nitrogen and sometimes 
phosphorus, sulphur and halogens. Yet there is ample variation in the combination 
of these few atoms. The smallest atom, or element, of the periodic table is 
hydrogen, H. Carbon, in its sp
3-hybridised form, has the possibility to bind four 
different atoms or groups of atoms. If doing so this carbon is stereogenic, and can 
exist in either the R-, or S-form, from the Latin words rectus (right) and sinister 
(left). This is a way to define the geometrical shape of a molecule, that will dictate 
which part of the molecule will interact with a receptor and if it will interact at all. 
To obtain knowledge of these interactions is very important. This can be 
exemplified by the infamous drug thalidomide of which one enantiomer was 
effective against nausea and the other was teratogenic.  
The situation for a chemist of today is very different from the one of a chemist 
fifty years ago. Then the tools had to be made up and put together by the scientist 
herself for the specific research aimed to do. Today the tools are ample and a 
chemist in a large research group has many different techniques to choose from. 
Another aspect of chemical research today is that it needs to be justified from a 
biological point of view. The results you obtain have to be valid in/or preferably 
already be in a biological context. The different research subjects, chemistry, 
physics, biology and ecology are no longer separate disciplines but interlinked into 
“life science”.  
In pharmaceutical industry and other areas where the mechanism of drug action in 
our body is of interest, it has become increasingly important to understand the 
interactions of enzymes and cell membranes with substrates and pharmaceuticals. 
This understanding will facilitate and make the screening of drug candidates more 
efficient. With the development of for example new NMR spectroscopic methods 
studies of interactions between molecules in solution have been greatly facilitated. 2  Scope of the thesis 
 
This work has been devoted to the study of molecular interactions in water by 
nuclear magnetic resonance (NMR) spectroscopy. In the presented studies 
carbohydrates are involved either as receptors (cyclodextrins) or ligands (di- and 
trimannoides). In the first part the use of hydroxy protons to study the structures of 
inclusion complexes between cyclodextrins and small guest molecules was 
investigated. Together with other methods the information obtained from NMR of 
hydroxy protons should be very useful to understand the driving forces and 
binding modes of cyclodextrin complexes. In the second part of this work, the 
interaction between di- and trimannosides, substructures of Man9, and mutants of 
the anti-HIV protein cyanovirin-N (CV-N), was investigated by STD NMR 
spectroscopy. The NMR data for the hydroxy protons in these di- and 
trimannoside were collected to determine if additional information on the solution 
conformation could be obtained.  
 
3 Biomolecules 
 
There are four major classes of biomolecules, proteins, carbohydrates, nucleic 
acids and lipids. The twenty natural amino acids make up peptides and proteins. 
Peptides or oligopeptides are small molecules with less than fifty amino acids 
while proteins or polypeptides contain more than fifty amino acids. Carbohydrates 
(Hydrates of carbon) are abundant in nature, for example at the surface of cells, as 
in ATP (adenosine triphosphate, Scheme1) a molecule used for energy transport in 
biological systems and as structural elements in starch, cellulose or chitin(1-3). 
Nucleic acids, DNA (deoxyribonucleic acid) and RNA (ribonucleic acid), are 
linear polymers consisting of four nucleosides linked by 3´-to-5´-phosphodiester 
linkages.  
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Scheme 1. The structure of ATP, adenosine triphosphate. The carbohydrate residue (middle 
part of the structure) is a ribofuranose unit. 
 
DNA forms a double helix with hydrogen bonds between the nucleobases, adenine 
with thymine and guanine with cytosine. In RNA thymine is replaced by uracil. 
Lipids are water-insoluble biomolecules with a variety of biological roles as for 
example fuel molecules, energy stores, signaling substances and membrane 
components. There are three major types of lipids, phospholipids, glycolipids and 
cholesterol. Nucleic acids and lipids will not be discussed further in the thesis. 
Hydrogen bonding is central for many biological interactions. As mentioned 
  10above, hydrogen bonds are formed between the nucleobases of the DNA double 
helix. Proteins can fold into an α-helix or β-sheet which are held together by inter-
residual hydrogen bonds. In carbohydrates, the β(1,4)-linked glucose chains of 
cellulose interact through hydrogen bonds and form strong fibers(4). Hydrogen 
bonding is also often involved in the macromolecular interactions between a 
ligand and a receptor. 
 
 
3.1 Carbohydrates  
In 1952 when the chemical nature of the blood group system was elucidated, this 
also spurred the research on lectins (see 3.2 for definition). In the 1960s, following 
the establishment of affinity chromatography, a renaissance of carbohydrate 
chemistry occurred. The development of analytical techniques for structure 
elucidation has been strong, promoted by the discovery of the importance of 
carbohydrates in molecular recognition processes(3, 5). Carbohydrates are divided 
into sub-groups according to size and function as well as biological location 
(lipopolysaccharides and glycoproteins for example). There are monosaccharides, 
oligosaccharides, up to six sugar moities, polysaccharides have more than six 
sugars. Carbohydrates have multiple hydroxy groups and can form linear chains, 
cyclic oligosaccharides or branched structures. To fully describe an 
oligosaccharide the number of carbons, information on the chirality (L- or D-) and 
anomeric configuration (α- or β-glycosides) for each monomer and the linkage 
type between them has to be given.  
 
3.1.1 Cyclodextrins 
Cyclodextrins are as the name suggests cyclic oligosaccharides. The most common 
are α-, β- and γ-cyclodextrins with six, seven and eight α(1,4)-linked glucose units 
respectively (Scheme 2). The first publication about these structures was written in 
1891 by A. Villiers who found a product in his fermented starch which he called 
“cellulosine”(6). In (1903) Franz Schardinger renamed the compound dextrin, 
thereby the name “Schardinger dextrin”. The cyclic nature of the structures were 
not elucidated until 1936 by Freudenberg and his group(7). 
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Scheme 2. Structures of α-, β- and γ-cyclodextrins.  
 
  11 The shape of the cyclodextrin molecules can be described as a toroid or a 
truncated cone. The wider rim is formed by O(2)H and O(3)H hydroxy groups 
while the narrow rim comprises of the O(6)H. While the outer surfaces of the CDs 
are hydrophilic, the inner cavities comprising of C(3)H and C(5)H aliphatic ring 
protons are highly hydrophobic (Figure 1), making them capable of forming 
inclusion complex with a large variety of smaller hydrophobic molecules.  
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Figure 1. Schematic representation of a CD molecule, showing that the C(3)H and C(5)H 
protons line the cavity. 
 
CDs are able to alter the physiochemical properties of the guest molecule. This can 
lead to enhanced solubility of the guest molecules and increase their 
bioavailability. CDs are also used in the pharmaceutical industry as a mean to 
control the release of active ingredients in drugs(8). CDs can also stabilise labile 
molecules and protect them from degradation by for example light or hydrolysis. 
In analytical chemistry CDs are used as chiral selector for separation of 
enantiomeric molecules. Furthermore, CDs or CD derivatives can catalyse certain 
chemical reactions and are studied as enzyme models(9). There is an interesting 
review on the development and research of CDs and on the present use of CDs by 
Szejtli(7). 
Many different techniques are used for the study of cyclodextrin complexes 
including X-ray crystallography(10-13), NMR spectroscopy(14), calorimetry(15), 
circular dichroism spectroscopy(16, 17), chromatography(18). There are no 
covalent bonds formed or broken during complex formation, and molecules of the 
complex are in equilibrium with non-complexed molecules in solution. The 
driving forces for the complex formation have been attributed to the release of 
water molecules from the cavity, van der Waals interactions, hydrophobic 
interactions or hydrogen bond formation(19). Intermolecular hydrogen bonds are 
generally thought to be hardly formed in aqueous systems, because of strong 
hydration of hydrogen bonding sites of both host and guest molecules. Studies of 
biological systems, however, clearly suggest that hydrogen bonds can be formed 
in water when the hydrogen bonding sites are located in a microscopically 
hydrophobic environment and are situated very close to each other. Although 
examples of inclusion complexes of CDs where hydrogen bonds could participate 
in complexation have been reported(20), no direct evidence for formation of 
hydrogen bonds in water has been obtained(21). In this thesis, the use of hydroxy 
protons of CDs to monitor intermolecular interactions is described. 
 
 
  123.1.2 Oligomannose-9 
Oligomannose-9 (Man9) is a high mannose type N-linked glycan consisting of nine 
mannose units, divided into three arms, D1-D3 or antennae (Scheme 3). The core 
pentasaccharide (Man3GlcNAc2) is common to all N-glycans. Glycoproteins are 
involved in a large number of biological processes and are major components of 
the surface of mammalian cells. These carbohydrates are involved in cell-cell 
adhesion, recognition between cells in our immune system and in viral replication 
(5). Man9 is the major carbohydrate component on gp120 of HIV. Close to 65% of 
the total amount of carbohydrate moieties on the glycoprotein gp120 of HIV 
(Scheme 3) are Man9(22). These structures are recognised by our immune system 
and mediate the fusion between the host cell and the virus(23).  
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Scheme 3. Structure of Man9, the square marks the core pentasaccharide consisting of three 
mannose units and chitobiose. 
 
The Man9 structure is considered relatively flexible, but the core with the 
chitobiose unit is considered to have restricted conformational freedom(24, 25). 
Since these mannose structures are often directly recognized by the protein 
binding sites, an understanding of the interaction might begin with knowledge of 
the possible conformations of these molecules, and of their building blocks. 
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3.2 Proteins  
Lectins 
Lectins are proteins that specifically bind carbohydrates and they often contain 
two or more binding sites.  
 
“Lectins bind mono-and oligosaccharides reversibly and with high specificity, but 
are devoid of catalytic activity, and in contrast to antibodies are not products of 
an immune response.” (26) 
 
Lectins are not products of immune response although they are involved in 
clearance of glycoproteins from circulatory system, adhesion to inflammatory sites 
and cell-to-cell interactions in the immune system(5). Their physiological function 
is unclear since they display no catalytic activity, with at least one exception in 
ricin(26). Biological sources are for example plants, bacteria, viruses and animals. 
Lectins are divided into groups depending on for which monosaccharide they 
exhibit the highest specificity, mannose, galactose or N-acetylgalactosamine, N-
acetylglucosamine, fucose and N-neuraminic acid.  
 
Cyanovirin-N 
Cyanovirin-N (CV-N) is an 11 kDa lectin that was originally isolated from 
aqueous extract of the cyanobacterium Nostoc ellipsosporum(27). It has a broad 
antiviral activity and irreversibly inactivates diverse laboratory strains and isolates 
of human immunodeficiency virus (HIV) as type 1 (HIV-1), type 2 (HIV-2), 
simian immunodeficiency virus as well as feline immunodeficiency virus(27, 28). 
It is highly resistant to denaturation and is non toxic at antiviral activity 
concentration, which makes it a promising candidate for anti-HIV 
prophylactic(27-30). CV-N is currently in clinical trials as a topical microbicidal 
agent(31). It has been found to have antiviral activity against other enveloped 
viruses such as, measles virus (29), Ebola virus(30), human herpes virus 6, several 
strains of influenza viruses(32) and Hepatitis C virus(33). CV-N specifically binds 
to high-mannose oligosaccharides of the glycoprotein gp120(34-36) present on the 
surface envelope of HIV(Scheme 4). In this way, CV-N prevents fusion with host 
cells and also aborts cell-to-cell fusion and thereby the transmission of HIV(28, 
34, 37, 38).  
In solution, CV-N exists either as a compact monomer or a domain swapped 
dimer(39-41). It was found to be a domain-swapped dimer in the crystal form(40) 
and by NMR at neutral pH(40, 41). The monomeric form of CV-N is elliptical, 
~55Å long and ~25 Å wide. Its 101 amino acids can be divided into two regions 
with large amino acid sequence similarities(27, 39). Domain A of CV-N comprises 
of residues [1-38/90-101] and domain B of residues [39-89](42). By NMR 
titration experiments and ITC it was found that CV-N has two carbohydrate 
binding sites with different affinity(43, 44). In domain A, a semicircular cleft 
comprising residues 1-7, 22-26 and 92-95 forms the binding site and in domain B 
a deeper pocket comprising residues 41-44, 50-56 and 74-78 forms the other 
binding site. The minimum structure required for recognition in both sites is 
Manα(1→2)Manα(37, 43-45). Studies with larger carbohydrates indicated that the interactions between CV-N and the sugars were polar/electrostatic, van der Waals 
and hydrogen bonding interactions(44-46).  
Since the wild type CV-N (wtCV-N) forms dimers, producing obligate dimers was 
suggested to adjust the anti-viral activity(47). It was also found that the domain 
swapped dimer of wtCV-N had similar antiviral activity as the monomer(48). 
Further mutations were made to dissect the binding interaction between Man9 and 
CV-N and enhance in vitro virusidal activity through structure-guided 
alterations(49-51). A mutant, obtained by exchanging proline 51 of the hinge 
region for a glycine ([P51G]CV-N), stabilised the monomeric form and had no 
significant differences in anti-HIV and anti-Ebola activities(31, 48, 51, 52). 
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Scheme 4. Illustration of the envelope glycoprotein gp120, with Man9 structures attached. 
Man-units are represented by red hexagons and GlcNAc-units by green hexagons. 
 
HIV is the cause of acquired immunodeficiency syndrome, AIDS to which there is 
yet no cure. In order to prevent transmission of HIV, CV-N could be used as a 
topical biocide. CV-N will be tested on humans in 2007. In developing countries, 
the prevention of heterosexual transmission of HIV is complicated by culture, 
tradition as well as economy. To address these issues and find a working 
preventive, a transgenic plant (i. e. tobacco plant) have been produced that 
excretes 1.30 g CV-N / kg of leaves and CV-N could be grown and distributed by 
native farmers(53). A second important gene modification is Lactobacilli jensenii, 
a vaginal bacterium that have been shown to produce sufficient amounts of CV-N 
in vitro to sustain a good level of protection(54). 
Due to the high biological relevance of CV-N, as an aid in preventing the spread 
of HIV, the interaction with its receptor gp120 and with Man9, have been the 
object of intensive research(31, 35, 37, 39-41, 43-45, 55).  
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4    Nuclear Magnetic Resonance 
 
4.1 Historical background 
Nuclear Magnetic Resonance (NMR) spectroscopy has been used since the 1950s. 
Nuclear Inductance was discovered by physicists and later found useful by the 
chemist community. One report which would lead to development of NMR 
spectroscopy was published on December 24
th 1945 by Purcell, Torrey and Pound 
under the title “Resonance Absorption by Nuclear Magnetic Moments in a 
Solid”(56). The solid sample was 850 cm
3 of paraffin. Only about a month later, 
January 29
th 1946, Bloch, Hansen and Packard reported detection of Nuclear 
Induction in water(57). The short report is ended by these two sentences:  
 
“We have thought of various investigations in which this effect can be used fruitfully. A 
detailed account will be published in the near future.”(57) 
 
In 1952 Felix Bloch and Edward Mills Purcell received the Nobel Prize in 
physics(58). 
Even though the first observation of nuclear magnetic resonance in solids and 
liquids occurred in 1945/1946, it was not until the 1950s that the chemists realised 
its potential and started to develop its use for their applications. In his Nobel 
lecture Purcell mentioned that the chemical environment can be analysed from the 
chemical shift of a nucleus. Since then, the instruments and methods of NMR 
spectroscopy have had a rapid development. These rapid developments were in 
large part due to the discovery by Richard R. Ernst and Weston A. Anderson, that 
the sensitivity of NMR could be dramatically increased, by applying a short 
radiofrequency pulse and subsequently measuring the NMR signal as a function of 
time. The signal obtained is then Fourier transformed, the NMR spectra containing 
signal related to the different frequencies. Richard R. Ernst also showed that by 
using 2D FT NMR, studies of larger and more complicated structures could be 
conducted. The 2D methods were further developed and applied in 
structural/chemical analysis of biological macromolecules, by Kurt Wütrich and 
many others. Since 1952, two more NMR related Nobel prizes have been awarded, 
1991 to Richard R. Ernst(59) and 2002 to Kurt Wütrich(60). Today NMR is one 
of the key instruments in biochemical studies.  
 
 
4.2 NMR in structural analysis of carbohydrates 
The two major methods used for studying the structure and molecular interactions 
of biomolecules are X-ray crystallography and NMR spectroscopy. The two 
methods are complementary to each other. One important advantage of NMR is 
that there is no longer necessity for the crystallisation of proteins to obtain 
information of intermolecular interactions(3). 
 4.2.1 Structure assignment 
Before studying the carbohydrate interactions, the assignment of the NMR signals 
of the molecules must be achieved: The assignment of 
1H and 
13C resonances to 
their corresponding protons and carbon atoms is usually achieved using a 
combination of different through-bond and through-space 2D NMR experiments. 
Standard 
1H-
1H DQF-COSY, 
1H-
1H TOCSY and 
1H-
13C HSQC are used to assign 
the different protons and carbons within a residue. The 
1H-
13C HSQC-DEPT, used 
in this work, allows the differentiation between CH and CH3 (positive signals) and 
CH2 (negative signals). The HSQC-TOCSY experiment will give additional 
spreading in the carbon dimension, in this way simplifying the assignment of the 
individual spin systems when spectral overlaps are present in the proton 
dimension. The sugar residues are connected using long range through-bond 
correlation such as 
1H-
13C HMBC and through-space correlations such as 
1H-
1H 
NOESY and ROESY. 
 
 
4.2.2 Conformational analysis 
Together with the inter-residual homo- and heteronuclear NOEs and ROEs, vicinal 
heteronuclear  JCH, vicinal homonuclear JCC
  trans-glycosidic coupling constants 
and residual dipolar couplings can be used to obtain information on the 
carbohydrate conformation(s)(61-69).  
The conformation of the glycosidic linkage is described using the Φ (O5’-C1’-O4-
C4) and Ψ (C1’-O4-C4-C3) dihedral angles (Figure 2). The exocyclic dihedral 
angle is described by ω (O5-C5-C6-O6). The Φ
H (H1’-C1’-O4-C4) and Ψ
H (C1’-
O4-C4-H4) dihedral angles describes the same link but the latter describes the  
relation between the anomeric and the aglycone hydrogen.  
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Figure 2. A disaccharide, Glcα(1-4)GlcαOMe, with dihedral angles Φ (O5’-C1’-O4-C4) 
and Ψ (C1’-O4-C4-C3) and the exocyclic dihedral angle ω (O5-C5-C6-O6). 
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4.3 Hydroxy protons in structural studies of carbohydrates 
 
There are many hydroxy protons in carbohydrates and they are potentially 
important for conformational studies since they can be for example involved in 
intra- and intermolecular hydrogen bond interactions. Most of the structural 
studies of carbohydrates by NMR spectroscopy are done in D2O solutions. In this 
solvent, the hydroxy protons are not observed in the 
1H NMR spectra due to 
exchange with deuterium. However it is of most interest to study the interaction in 
water, as organic tissue contains water and are surrounded by water. By proper 
preparation of sample tubes and the right choice of solvent and pH, it is however 
possible to observe hydroxy protons by NMR(70, 71). The study of hydroxy 
protons in carbohydrates is part of an ongoing project with the aim to show that 
hydroxy protons can be used as conformational probes for structural studies of 
carbohydrates free in solution or involved in intermolecular interactions. The use 
of hydroxy protons in structural studies of carbohydrate is described in a recent 
review(72).  
 
4.3.1   Solvent and sample preparation 
4.3.1.1 Solvent  
There are a couple of different approaches that can reduce the rate of exchange 
and thereby make the observation of hydroxy protons possible. To circumvent the 
problem of rapid exchange of hydroxy protons with the proton from water, a polar 
aprotic solvent such as DMSO can be used. However, a complete solvent 
exchange can have an influence on the conformation(s). At room temperature the 
exchange of the hydroxy protons with water is too fast and a sample temperature 
below 0 ºC is often required. To avoid freezing the sample, different binary 
solvent mixtures have been used such as 15% acetone-d6 / 85% H2O or 60%   
DMSO-d6/ 40% H2O solution. The acetone-d6 solution is frequently used and it 
has been shown that addition of this aprotic solvent to water has small influence 
on the chemical shifts of hydroxy protons and does not influence the conformation 
of the carbohydrate(21, 73, 74). With an addition of 15% acetone-d6 temperatures 
around – 10 ºC can be obtained without freezing the sample(75).  
 
4.3.1.2 Sample  tubes 
A careful sample preparation is usually necessary to be able to observe the 
hydroxy protons. The NMR sample tubes can be soaked for more than 1 hr with 
50-100 mM phosphate buffer at pH 7, in order to minimize the release of 
impurities from the glassware(74). 
 
4.3.1.3 Sample  pH 
The optimum pH for observation of hydroxy protons is usually around pH 6.5. To 
adjust the pH, either buffered water solutions or small amounts of HCl and NaOH 
are added(70, 71, 73). 
 4.3.2  Water suppression 
Using H2O as solvent will result in a large signal originating from the solvent 
protons while analyte protons are of considerably lower concentration. The 
concentration of water being ~56 M, hence the concentration of protons is 112 M 
while the concentration of analyte in the samples are between 1 – 10 mM, The 
WATERGATE(76, 77) pulse sequence (Figure 3) can be implemented into most 
1D or nD NMR pulse programs and is widely used to suppress the water signal in 
NMR spectroscopy of biological samples, or other samples with high content of 
water.   
 
 
Aq 
1H 
 
GZ 
 
Figure 3. The WATERGATE pulse sequence for solvent suppression with two pulsed field 
gradients and the binomial-type, hard pulse sequence. The excitation profile of the 
WATERGATE binomial-type sequence, provide a null at the solvent resonance. 
 
4.4 Hydroxy proton NMR parameters  
The different 
1H NMR spectroscopic parameters of hydroxy protons that can be 
used to investigate conformations of carbohydrates are: 
−  Chemical shifts 
−  Vicinal JCH,OH coupling constants 
−  Temperature coefficients 
−  Rate of exchange with water 
−  NOEs and ROEs 
From these NMR parameters, information on hydration, hydrogen bonding and 
spatial proximities can be obtained. 
 
4.4.1 Chemical shifts 
The chemical shift of hydroxy protons is one of the key parameters used in our 
studies as they give information on the grade of shielding or deshielding(70, 71). 
The hydroxy proton chemical shift can be used to get information on hydration 
and hydrogen bond formation in carbohydrates, especially in more 
conformationally constrained structures. Upfield shifts are indicative of reduced 
hydration while downfield shifts are observed for hydroxyls in proximity of ring 
oxygen or other hydroxyls. The observed chemical shift is the combined effect of 
hydrogen bonding that will give a downfield shift and reduced hydration that gives 
an upfield shift. 
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4.4.2 Vicinal JCH,OH coupling constants 
Vicinal  JCH,OH coupling constants are used to determine the H-C-O-H dihedral 
angle using the Karplus equation(78). Vicinal coupling constant of 5.5 ± 1.5 Hz 
indicates conformational averaging with free rotation around the C – O bond. 
Deviations from average values are indications that the hydroxyl is restricted in 
rotation. Restricted rotation can in turn originate from steric hindrance or 
hydrogen bonding(73, 79). 
 
4.4.3 Temperature coefficients 
Temperature coefficient is the temperature dependence of the 
1H NMR chemical 
shift. It gives information on the accessibility of the hydroxy proton by the 
solvent. Temperature coefficients, |dδ/dT|-value, are high (>10 ppb/ºC) for 
strongly solvated hydroxy protons while small (<5 ppb/ ºC) if the hydroxy protons 
are involved in hydrogen bonding or have reduced hydration(80, 81). For 
example, the temperature coefficients for hydroxy protons of a monosaccharide 
are often around 10 or 12 ppb/ ºC, indicating their accessibility to water(81).  
 
4.4.4 Exchange rates 
Exchange rate is a measure of how quickly a proton exchanges with the solvent. If 
a hydroxy proton is protected from the solvent by being directed towards a 
lipophilic surface of another residue or by acting as a hydrogen bond donor the 
rate of exchange will be lower compared to that of a proton fully exposed to the 
solvent. The difficulty to accurately measure the exchange rate, because of the 
great influence the solvent/sample impurities have on this parameter, is a 
complication however not impossible to bridge. It is possible to obtain exchange 
rates from plots of signal intensities in series of NOESY recorded with short 
mixing times(82-85).  
 
4.4.5 NOEs and ROEs 
By observation of NOEs between hydroxy protons and other protons, it is possible 
to detect inter- and intra-molecular interactions(86). Small molecules that tumble 
fast in solution have small positive NOE and intermediate sized molecules have 
small or no NOEs. Large molecules have negative NOE. In contrasts to NOEs, the 
ROE are always positive even for intermediate size structures. In NOESY 
experiments, chemical exchange and dipole-dipole relaxation have the same sign 
and cannot be distinguished(75, 87, 88). In ROESY experiments, on the other 
hand, the signals due to the two types of interaction have opposite sign. Chemical 
exchange cross-peaks can also be indicative of spatial proximity or hydrogen bond 
interaction(21, 88). 
 
Molecular Interactions  
Cyclodextrin interactions 
Chemical shift of non-exchangeable protons and intermolecular NOEs are usually 
used to study cyclodextrins interactions. From the hydroxy proton chemical shifts 
of cyclodextrin, temperature coefficients, complex induced chemical shift (CIS),   21 
and intermolecular NOEs/ROEs, the structure of the inclusion complex can be 
investigated in more details.  
 
Carbohydrate-protein interactions  
To be able to develop vaccines, pharmaceuticals and prophylactics, it is necessary 
to have knowledge about the specific interactions involved during the course of a 
disease and the specific interactions targeted by the drug. One of the major 
advantage of NMR spectroscopy is the possibility to study weaker interactions 
than possible with other methods(89).  
Two different types of NMR methods are usually used to study interactions 
between a receptor and a ligand, those detecting the ligand signals and those 
detecting the receptor signals. One of the most frequently used receptor-based   
methods rely on the perturbation of the receptor chemical shifts upon binding. A 
reference spectrum is first recorded without the ligand. In the spectrum recorded 
with the ligand, binding will give rise to chemical shift changes for the resonances 
of protein atoms in contact with the ligand. Due to the large size of most receptors, 
2D NMR is often required and chemical shift mapping is usually obtained from 
1H-
15N HSQC and 
1H-
13C HSQC spectra. Isotope labelling with 
15N and/or 
13C are 
often necessary. More precise identification of binding sites can be provided from 
intermolecular NOEs and from paramagnetic relaxation experiments. In these 
cases, distances between protein and bound ligand atoms are obtained. More 
detailed reviews of these techniques can be found in references(89-91). 
The methods detecting the ligand signals are usually not dependent on the size of 
the target and isotope labelling is not required. Due to the small size of the ligand 
molecules, the use of 1D NMR is sufficient. Examples of these methods are line-
broadening effects, diffusion editing, WaterLOGSY and saturation transfer 
difference NMR spectroscopy. Transferred NOE is used to obtain the 
conformation of the ligand in the bound state. Preferably methods from both 
categories should be used to obtain information about the ligand, the receptor as 
well as their interactions(89-92).  
 
Saturation transfer difference NMR Spectroscopy 
Saturation Transfer Difference (STD) NMR Spectroscopy(93-95) is a ligand 
directed method for studying interactions between for example a protein and its 
carbohydrate ligands. The technique has no upper size limit for the receptor 
molecule and it can be applied to any interaction where there is a possibility to 
selectively irradiate the NMR signals of the receptor(96, 97). The STD spectrum is 
generated by irradiating the protein by a series of pulsed field gradients. Usually 
for proteins this is done in the aliphatic region where there is a relatively high 
signal density. The saturation spreads through the protein via spin diffusion and 
subsequently is transferred to the bound ligand. By exchange the magnetisation is 
transferred to the ligand free in solution (Figure 4). A difference spectrum is 
obtained by recording one spectrum with the irradiation frequency set on protein 
resonances (ON-resonance) and one spectrum with the saturation set at a 
frequency where there are no protein signals (OFF-resonance), subsequently the 
latter is subtracted from the first. The ligands that are not bound to the protein will 
not obtain saturation transfer and the STD NMR spectrum will only contain signals from ligands in contact with the protein. The resonances of the protons in 
closest proximity to the receptor molecule will have the strongest enhancement in 
the spectrum, thereby the method can be used to obtain detailed structural 
information on the binding epitope of the ligand. However the relaxation time of 
the individual protons also influences the relative intensity of STD signals(98). 
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Figure 4. Illustration of the principle of STD NMR. The protein protons are saturated, and 
the saturation is transferred to binding ligand (blue), the non binding ligands are yellow and 
orange.  
 
This highly versatile technique is frequently used in screening for drug candidates. 
Screening mixtures of ligands with dissociation constants KD ranging from 10
–3 – 
10 
– 8 M is possible(99, 100). The structure of the large receptors does not have to 
be determined to study eventual interaction or binding affinities. Binding constants 
can also be obtained from STD NMR experiments(94). The STD sequence can be 
used in combination with other pulse programs and has been added to 1D and 2D 
TOCSY, COSY, HMQC and HMBC (94, 101, 102). It has been shown to work on 
membrane bound protein with very complex ligand mixtures(97). When the target 
molecule is small or has elongated structure, making the saturation by spin 
diffusion less efficient, extra care have to be taken to find appropriate settings for 
the experiments(103).  
Further advantages of STD are that small amount of protein can be used. STD 
NMR was applied for atomic mapping of the interactions between mutants of the 
antiviral agent CV-N (11 kDa) and di- and trimannoside ligands (MW 356 and 
519) that are substructures of Man9.  
 
 5  Results and Discussion 
 
5.1 Papers I and II – Hydration and hydrogen bonding in 
complexes between cyclodextrins and adamantane derivatives 
The existence of a hydrogen bond network between the secondary hydroxyl 
groups in α-, β- and γ-CDs is well established by X-ray crystallography, by NMR 
spectroscopy in DMSO solutions and was also shown to be present in aqueous 
solutions(21, 104-106). The driving forces to form inclusion complexes are 
electrostatic, van der Waals and hydrophobic interactions, and hydrogen bonding. 
NMR studies on inclusion complexes formed by CDs are usually done using the 
complexation induced 
1H NMR shifts (CIS) and NOEs of the C(3)H and C(5)H 
signals. The aim of these studies was to see if additional conformational 
information could be obtained using the temperature coefficients (|dδ/dT|-values), 
CIS and NOEs of hydroxy protons of CDs. Adamantane and derivatives were 
selected due to their low solubility that should favour complex formation and due 
to the presence of hydroxy groups at different positions that could allow formation 
of intermolecular hydrogen bonds. 
 
 
5.1.1 Paper I – 
1H NMR studies of the inclusion complexes between α-
cyclodextrin and adamantane derivatives using both exchangeable hydroxy 
protons and non-exchangeable aliphatic protons. 
The compounds investigated were α-cyclodextrin (α-CD) (Scheme 2), and 
adamantane as well as derivatives such as 1-adamantanol, 2-adamantanol, 1-
hydroxymethyl-adamantane and 1,3-adamantanediol (Scheme 5).  
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adamantane (R1-R3 = H), 
1-adamantanol (R1=OH, R2,R3=H)  
1-hydroxymethyl-adamantane (R1=CH2OH, R2,R3=H)  
1,3-adamantanediol (R1,R3=OH, R2=H) 
 
Scheme 5. Structure of adamantane and derivatives. The structure on the right is 2-
adamantanol. 
 
The stoichiometry of the  α-CD – adamantane complex could not be determined 
because of the low solubility of adamantane. At a molar equivalent of 0.11 
adamantane and at temperatures below 10 ºC, two set of signals from α-CD were 
observed, one corresponding to the free form and one to α-CD in complex with 
adamantane (Figure 5). The O(3)H of α-CD in complex with adamantane had a 
narrow line and was upfield shifted by 0.33 (Table 1). This together with the low 
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|dδ/dT|-value was attributed to reduced hydration of O(3)H caused by the 
expulsion of water from the hydrophobic cavity upon partial inclusion of 
adamantane.  
 
Table 1. 
1H NMR chemical shifts (δ, ppm), CIS (ppm), and temperature coefficients 
(|dδ/dT|, [ppb/ºC]) for the hydroxy protons of α-CD alone and in the presence of 
adamantane analogues at the stoichiometric ratio 1:1. 
 
  α-CD O(2)H  O(3)H  O(6)H  O(3c)H 
δ 6.22  6.57  6.09    α-CD 
|dδ/dT| 8.0  8.6  12.5   
CIS 0.01 0.01  0.01  -0.33  adamantane 
|dδ/dT| 8.2  8.9  13.1  4.7 
CIS -0.05  -0.03  -0.01   1-adamantanol 
|dδ/dT| 12.7
a / 5.5
b 7.3 11.7   
CIS -0.04  -0.03  -0.01   1-(hydroxymethyl)- 
adamantane |dδ/dT| 9.7
a / 5.7
b 7.7 12.6   
CIS 0  0  0  -0.21  2-adamantanol 
|dδ/dT| 10.0  8.1  12.1 1.2 
CIS 0  0  -0.01    1,3-adamantanol 
|dδ/dT| 7.7  8.1  12.2   
a Calculated for temperatures below 0 ºC. 
b Calculated for temperatures above 0 ºC. 
 
A strong NOE was observed between C(3)H of α-CD and H2 of adamantane, 
while weaker NOEs were observed between C(3)H of α-CD and H1 of 
adamantane and between C(5)H of α-CD and H2 of adamantane. For O(3)H of α-
CD in the complex an NOE was observed to H2 of adamantane. These NOEs 
confirmed the formation of a partial inclusion complex. 
 
A plot of the chemical shifts of C(3)H and C(5)H of α-CD as a function of the 
concentration of 1-adamantanol and 1-(hydroxymethyl)-adamantane suggested 
formation of 1:1 complexes. Only one set of resonances was observed for the host 
and guest, indicating fast exchange between free and complexed form on the NMR 
time scale. Strong intermolecular NOEs between C(3)H of α-CD and H2, H3 and 
H4 of the guest together with weak C(5)H – H3, H4 NOEs confirmed partial 
inclusion of the guest into the hydrophobic cavity of α-CD. 
The NMR data for O(3)H and O(6)H of α-CD were similar for the two complexes 
to those in α-CD alone. Some characteristic features were observed for the O(2)H 
signal. Thus, addition of the guest molecule resulted in a broadening of the O(2)H 
signal. When the temperature was increased, the O(2)H signal was getting sharper 
while usually hydroxy proton signals become broader upon increasing 
temperature, due to faster exchange. The temperature coefficient was not linear in 
the temperature range –10 – 10 ºC and a change in slope were observed at 0 ºC. 
The temperature coefficient was large at low temperature suggesting more access 
to water.  
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Figure 5. Regions of the 
1H NMR spectra of α-CD with 0.11 molar equivalent of 
adamantane recorded at different temperatures.  ¤ Hemiacetal of acetone-d6, * acetone-d5. 
 
The stoichiometry of the α-CD/2-adamantanol complex, 1:1 or 2:1 could not be 
determined unambiguously. At high temperature, one set of NMR-signals for α-
CD and 2-adamantanol was observed while at temperatures below 5 ºC two sets of 
resonances were observed for 2-adamantanol. Exchange cross-peaks between the 
two sets of signals were present in the ROESY spectra. One set of signals (A, 
Table 2) was only slightly downfield shifted (<0.1 ppm) if compared to 2-
adamantanol alone. The other set of signals was shifted downfield by more than 
0.2 ppm (set B). Below 5 ºC, the NMR signals of C(3)H and C(5)H of α-CD were 
very broad. Set A of 2-adamantanol had NOEs from H4, H6 and H9 to C(3)H of 
α-CD. No intermolecular NOE involving C(5)H of α-CD or H5, H7, H8 and H10 
of 2-adamantanol was found, suggesting only partial inclusion of the guest into the 
α-CD cavity. There was no intermolecular NOE involving the B set of 2-
adamantanol. As observed with adamantane, an additional α-CD O(3)H signal 
appeared at temperatures below 5 ºC. This O(3)H signal was upfield shifted by 
  25   26
0.21 ppm and had a very small |dδ/dT|-value (1.2 ppb/ ºC). This was attributed to 
reduced hydration due to partial inclusion of 2-adamantanol and expulsion of 
water from the α-CD cavity. No definite conclusion on the structure of the 
inclusion complex could be drawn from the data. Complexes with a 2:1 α-
CD/guest ratio have been reported, with for example 1-bromoadamantane and 
adamantane-1-carboxylic acid(107, 108). It was suggested that if the guest 
molecule is asymmetric the high-affinity part of the molecule is included into one 
α-CD and the low-affinity part is included in a second α-CD(107). 
 
Table 2. 
1H NMR chemical shifts (δ, [ppm]), of 2-adamantanol alone and of 2-adamantanol 
in complex with α-cyclodextrin at – 10 °C. 
 2-adamantanol  2-adamantanol  with  α-CD 
H  e/a  set A  set B  CIS 
1,  3  1.863 1.876 2.189 0.326 
2  3.918 3.985 4.176 0.258 
4, 9  1.704 / 1.978  1.717 / 1.871  1.926 / 2.048  0.222 / 0.070 
5,  7  1.780 1.812 2.076 0.296 
6  1.716 1.735 1.921 0.205 
8, 10  1.540 / 1.991  1.562 / 1.997  1.771 / 2.437   0.231 / 0.446 
a The numbering is shown in Scheme 3 
b Difference in chemical shift between set B and free 2-adamantanol. 
 
The very small CIS and the absence of intermolecular NOEs indicated that no 
complex was formed between α-CD and 1,3-adamanatanediol. The chemical 
shifts, temperature coefficients and linewidth of the hydroxy protons of α-CD in 
presence of 1,3-adamantanediol were very similar to those in α-CD alone.  
Thus, when changes in NMR parameters are observed for α-CD hydroxy protons 
these changes can be used to detect formation and identify the structure of 
inclusions complexes. 
 
 
5.1.2 Paper II – 
1H NMR Studies on the hydrogen-bonding network in 
mono-altro-β-cyclodextrin and its complex with adamantane-1-carboxylic 
acid 
CDs are only able to form static “lock and key” type complexes(109). On the other 
hand, cyclic oligosaccharides in which one or several glucose units are replaced by 
an  α-D-altrose residue are highly flexible since altrose can adopts various 
conformation. Mono-altro-β-cyclodextrin (Scheme 6) is one of the first examples 
of a cyclic oligosaccharide that can mimic an “induced-fit” type mechanism by 
producing an adaptable host (110-114). It was shown that in D2O solutions, the 
altrose residue adopts preferentially the 
1C4 conformation. Inclusion of 
adamantane-1-carboxylic acid resulted to a shift to 80 % 
OS2 conformation 
(Scheme 7)(115). We have investigated using NMR of hydroxy protons how the 
incorporation of altrose and its conformational changes influence the hydrogen 
bond network in cyclodextrin. 
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Scheme 6. Left: Structure of mono-altro-β-cyclodextrin with the Alt-unit (A) and the Glc-
units (G1 – G6). Right: Structure of adamantane-1-carboxylic acid. 
 
The spin systems in TOCSY were assigned to the different O(2)H, O(3)H and 
O(6)H in the COSY spectrum (Figure 6). The sequence of the G2-G5 residues was 
obtained from inter-residual NOEs between the anomeric proton of one residue 
and the C(4)H of the next residue. The G6 was assigned from NOE between its 
anomeric proton and C(4)H of A. In the HMBC spectrum, H1 of A gave a cross 
peak to C4 of G1. In the HSQC-TOCSY spectrum, the spin system C(5)H-C(4)H-
C(3)H-C(2)H was identified at the chemical shift of this C(4). Thereby the 
corresponding O(2)H, O(3)H and O(6)H as well as C(1)H and C(6)H resonances 
were assigned. For mono-altro-β-cyclodextrin in the complex, A and G1-G6 
residues were assigned by following the chemical shift changes of the O(2)H 
signals at increasing amounts of adamantane-1-carboxylic acid. TOCSY and DQF-
COSY spectra recorded at –10 ºC were then used as before to obtain the chemical 
shifts.  
 
 
   
Scheme 7. Ball and stick models of mono-altro-β-cyclodextrin with altrose (A) in different 
conformations (
4C1, 
OS2, and 
1C4, from bottom to top). On the right are closer views of A 
with O-2···3-OH (H····O distances given in Å) to the neighbouring G1, indicated with dotted 
lines. These graphics were generated with the program MolArch
+  using structures proposed 
in Ref. (115). 
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Figure 6. Left: Expansions of the TOCSY spectrum of mono-altro-β-cyclodextrin of Glc- 
units. In f2 the hydroxy protons are shown and in f1 the ring protons. Right: Corresponding 
region in the DQF-COSY spectrum. 
 
In β-cyclodextrin (β-CD), O(2)H and O(6)H have chemical shifts similar to those 
in methyl-α-D-glucopyranoside (Glc of Table 3), while the O(3)H is deshielded by 
0.30 ppm(21). From the values of chemical shift, temperature coefficient, coupling 
constant and rate of exchange, it was proposed that O(3)H is involved as the donor 
in an intermolecular hydrogen bond with O(2)H of the next glucose residue. In 
mono-altro-β-cyclodextrin, all Glc-residues O(3)H have chemical shifts between 
6.61 and 6.66 ppm except for O(3)H of G1 which has a chemical shift of 6.49 
ppm. These values can be explained by inspection of the 3D models built with A 
adopting the three conformations 
4C1, 
OS2 and
1C4  (Scheme 7), using reported 
dihedral angles (110, 115). In the 
4C1 chair, the predominant conformation for free 
mono-altro-β-cyclodextrin, the distance between O(2) of A and O(3)H of G1 is 
5.41 Å, which is too far for hydrogen bond interaction (Scheme 7). This was well 
represented by the chemical shift of O(3)H signal of G1, which has a value close 
to that in the monosaccharide. The O(3)H of G2 – G6 have distances that allow 
hydrogen bonding to O(2) of the next residue. These protons were indeed 
deshielded by more than 0.2 ppm, compared to the monosaccharide (Table 3). The 
deshielding were however not as large as for O(3)H of β-CD indicating that the 
hydrogen bonding network is disrupted throughout the whole glucose chain and 
not only around A. The O(3)H of G2, G3 and G5 have small (<3 Hz) coupling 
constants, the remaining O(3)H 
3JCH,OH-values could not be measured. All |dδ/dT|-
values are larger than 3 ppb/ºC, indicating that the hydrogen bond interactions are 
relatively weak. 
 
 Table 3. 
1H-NMR chemical shifts (δ), Δδ, temperature coefficients (|dδ/dT|) and coupling 
constants (
3JOH,CH) for hydroxy protons of mono-altro-β-cyclodextrin at –10 ºC in 85% H2O 
/ 15% (CD3)2CO). Values for methyl α-D-glucopyranoside (Glc) and β-CD are reported for 
comparison. 
   O(2)H       O(3)H      O(6)H   
  δ  Δδ
a |dδ/dT|
3JOH,CH δ  Δδ
a |dδ/dT|
3JOH,CH δ  Δδ
a |dδ/dT|
 ppm  ppm  ppb/ºC Hz  ppm ppm ppb/ºC Hz  ppm ppm ppb/ºC
G1
  6.27 -0.11  7.0  6.1  6.49 0.08 9.6   5.81  -0.20 9.6 
G2 6.22  -0.16  6.6  7.7  6.66 0.25  8.4  <3
  6.08 0.07  11.2 
G3 6.36  -0.01  7.1  6.2  6.64 0.23  8.1  <3
  6.07 0.06  11.7 
G4 6.52 0.14  8.3  7.3  6.62 0.21 7.6   6.04  0.03  11.6 
G5  6.59  0.21 9.1  6.6  6.61 0.20 6.5  <3
  5.99 -0.01  11.2 
G6 6.45 0.08  10.4  7.0  6.63 0.22 7.3   5.89  -0.12  11.6 
A  6.49    8.7    6.11  11.7   6.19   10.4 
β-CD
  6.40 0.02  7.1  6.7
b 6.71 0.30 8.1 <3
b 6.06 0.05  12.7 
Glc
  6.38   12.1  6.0
c 6.41  11.2  5.1
c 6.01   12.6 
aValues obtained by subtracting the chemical shift of methyl α-D-glucopyranoside. 
b Taken from reference (21). 
c Taken from reference (116). 
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Figure 7. Expansion of the hydroxy protons region of 
1H NMR spectrum of a) mono-altro-
β-cyclodextrin and b) mono-altro-β-cyclodextrin in complex with adamantane-1-carboxylic 
acid, at pH 6.3. 
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After addition of one equivalent of adamantane-1-carboxylic acid, the chemical 
shifts of O(2)H in G1-G6 were not changed significantly. The O(3)H of G3-G6 
were deshielded by more than 0.15 ppm (Figure 7b). The O(3)H of G1 was 
deshielded by as much as 0.27 ppm (Table 4). This large downfield shift, almost 
similar to those observed for the remaining O(3)H, might be due to hydrogen 
bonding interaction with O(2) of A, which now have change its conformation to 
80% 
OS2. The distance between the O(3)H of G1 and O(2) of A is only 2.36 Å 
(Scheme 7). 
 
Table 4. 
1H-NMR chemical shifts (δ), Δδ and temperature coefficients (|dδ/dT|) for hydroxy 
protons of mono-altro-β-cyclodextrin in complex with adamantane-1-carboxylic acid at –10 
ºC in 85% H2O / 15% (CD3)2CO). Values for methyl α-D-glucopyranoside and β-CD are 
reported for comparison. The data for O(6)H was collected for solutions at pH 7.4. 
   O(2)H     O(3)H    O(6)H  
  δ  Δδ
a |dδ/dT| 
3JOH,CH δ  Δδ
a |dδ/dT| δ  Δδ
a |dδ/dT|
  ppm ppm  ppb/ºC Hz  ppm Ppm  ppb/ºC ppm ppm  ppb/ºC
G1
  6.27 -0.11  6.5  6.6  6.76 0.35  9.5  5.88 -0.13 11.5 
G2 6.23  -0.15 6.8  5.7 6.69 0.28  7.0  6.08 0.07 12.0 
G3 6.35  -0.03 6.5  6.6 6.81 0.40 10.5 6.07 0.06 11.9 
G4 6.49  0.12 7.7  6.1 6.84 0.43  8.7  6.05 0.04 12.4 
G5  6.62 0.25 10.7 
b 6.76 0.35  6.7  6.01 0.00 11.2 
G6 6.44  0.06 6.9  7.2 6.81  0.40 10.7 5.98 -0.03 12.4 
A 6.59    9.7 
b 5.85  10.2 
b  
b
β-CD  6.40 0.02  7.1    6.71 0.30  8.1  6.06 0.05 12.7 
Glc  6.38  12.1  6.41  11.2  6.01  12.6 
aValues obtained by subtracting the chemical shift of methyl α-D-glucopyranoside. 
bNot measured due to spectral overlap. 
 
The distance between O(3)H of A and O(2) of G6 is larger when A adopts the 
OS2 
conformation (2.93 Å compared to 2,62 Å). This was reflected by the upfield shift 
of O(3)H of A that indicate weaker hydrogen bonding. The vicinal coupling 
constants and temperature coefficients were not significantly changed upon 
complex formation. 
Confirmation on the formation of the inclusion complex was obtained from the 
intra-molecular ROEs between C(3)H of mono-altro-β-cyclodextrin and H3 and 
H4 of adamantane-1-carboxylic acid. C(5)H did not have any intermolecular ROE 
suggesting a partial inclustion of the guest molecule into the cavity. The change in 
altrose conformation from 
4C1 to 
OS2 causes the cavity to change to a more 
elliptical shape which allows the inclusion of the guest molecule. This shape 
allows a more regular hydrogen bond network and this can be seen from the 
chemical shift of O(3)H of the glucose residues. The conformational change of A 
can be observed from 
3JCH,CH-values while intermolecular NOEs give information 
about the inclusion complex. The monitoring of chemical shift of the hydroxy 
protons give structural information on hydrogen bonding. 
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5.2 Papers III and IV 
 
Paper III- Atomic mapping of the sugar binding epitopes on one-site and 
two- site mutants of Cyanovirin-N by saturation transfer difference NMR 
spectroscopy  
 
Due to aggregation problem, it is not possible to study the binding of Man9 to CV-
N in solution and instead interactions between CV-N and substructures of Man9 
have been investigated(36, 43, 44). It has been shown that the smallest 
oligosaccharide required for binding is the disaccharide Manα(1-2)Man(35, 37, 
43-45, 49), domain B exhibiting a slightly higher affinity than domain A (KA 7.2 ± 
4 x 10
6 M
-1 and 6.8 ± 4 x 10
5 M
-1). ITC experiments performed on the 
trimannosides forming the three arms D1-D3 of Man9 showed that the α(1,2)-
linked trimannosides had highest affinity for domain A. The two other 
trisaccharides were binding to both domains with lower affinity(37).  
A previous STD NMR study on the atomic mapping of the interaction between 
CV-N and these di- and trimannosides has shown how the carbohydrates bind to 
CV-N(117). Not only the terminal disaccharide, but also the reducing mannose 
residue or the linkage to it was demonstrated to influence the affinity to CV-N. 
Since CV-N has two separate binding sites both being simultaneously occupied by 
the ligands in solution, the STD NMR spectra might have however represented 
only an average picture of the interaction of the sugars with the two binding sites. 
To be able to differentiate between the two binding sites on the protein, mutants of 
CV-N were designed (Scheme 8)(51) In one mutant, CV-N
MutDB, the sugar-
binding site in domain B was completely abolished. In the other mutant, CV-
N
MutDA, the binding site on domain A was modified in such a way that the 
specificity for trisaccharides should be altered. Since CV-N
MutDB, has only one 
binding site, it should be possible using STD NMR to identify without ambiguity 
the binding epitope on the sugar involved in the interaction with site A. 
The STD experiments were run at two different temperatures (10 and 25 °C) with 
different irradiation frequencies and irradiation times. At 10 °C the STD signals 
were more intense due to slower molecular motion. The irradiation frequency was 
chosen to ensure that the ligand protons were not directly saturated while the 
protein signals were fully saturated. Experiments with irradiation frequency set to 
7, 2, 1.3, 0.6, 0.4, 0, -1 and -5 ppm were recorded. At 0.4 ppm a good saturation of 
the proteins were obtained while direct saturation of the ligand O-methyl was 
avoided. The optimum irradiation time was determined from build up of STD 
intensities with increasing saturation times and maximum intensities were obtained 
with a 4s saturation (Figure 8). A comparison of intensities at different 
temperatures show that the STD effect was higher at lower temperature(98). 
A high, 100-fold, ligand excess was used since it has been shown to afford higher 
intensities in the STD spectra. However STD spectra run on samples containing 
only ligand, showed residual signals with relative intensities as in a normal 1D 
spectrum. This has been reported previously and correction was made by 
subtracting these spectra from the spectra obtained in the presence of protein(118).  
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Scheme 8. Amino acid sequences in the CV-N mutants, CV-N
MutDA and CV-N
MutDB 
respectively. Above each of the two proteins are the list of mutations. 
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Figure 8. The build-up of STD signals (I) with increasing saturation times for a) H2’ of 
Manα(1-2)ManαOMe at 10 ºC in the presence of CV-N
MutDA and b) at 10 ºC and 25 ºC in 
the presence of CV-N
MutDB. 
 
Large signals were observed in the STD NMR spectra of the disaccharide 
Manα(1-2)ManαOMe in the presence of both mutants (Figure 9). Since the signal 
are caused by magnetisation transfer from the protein to the ligand, it is an 
indication that the Manα(1-2)ManαOMe is recognised by both CV-N mutants. The 
largest STD effect was observed for H2’, H3’ and H4’ on the non reducing end, 
showing that these protons have the closest contact with the proteins. Figure 9 
shows that the STD enhancements are larger for CV-N
MutDB. 
 3.6 3.8 4.0 ppm 3.6 3.8 4.0 ppm
2
4’
OMe
3' 2’
4 3
CV-NMutDA CV-NMutDB
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Region of the 1D 
1H NMR spectra of Manα(1-2)ManαOMe at 10 ºC, (top) 
reference spectra, (middle) STD spectra and (bottom) STD spectra corrected for high ligand 
concentration.  
 
The two trisaccharides, Manα(1-2)Manα(1-3)ManαOMe and Manα(1-2)Manα(1-
6)ManαOMe have signals in the STD spectra, indicative of binding to the mutants 
(Figures 10 and 11). The STD NMR spectra for Manα(1-2)Manα(1-3)ManαOMe 
were very similar with both mutants. Stronger enhancement are observed for H2”, 
H3”, H4” of the non reducing end and for H4’ of the penultimate mannose residue 
(Figure 10). For Manα(1-2)Manα(1-6)ManαOMe similar enhancements are 
observed but the intensities of the STD signals are higher in the presence of CV-
N
MutDB (Figure 11). 
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Figure 10. Region of the 1D 
1H NMR spectra of Manα(1-2)Manα(1-3)ManαOMe at 10 ºC, 
(top) reference spectra, (middle) STD spectra and (bottom) STD spectra corrected for high 
ligand concentration. 
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Figure 11. Region of the 1D 
1H NMR spectra of Manα(1-2)Manα(1-6)ManαOMe at 10 ºC, 
(top) reference spectra, (middle) STD spectra and (bottom) STD spectra corrected for high 
ligand concentration.
 
There was no signal enhancement in the STD spectra of Manα(1-3)[Manα(1-
6)]ManαOMe or Manα(1-2)Manα(1-2)ManαOMe in the presence of CV-N
MutDA or 
CV-N
MutDB  (Figures 12 and 13 respectively). The absence of signal in the STD 
spectra is due to either to lack of binding or to strong binding. To determine if the 
two ligands were binding or not, competition STD NMR experiments were 
performed(94, 119). Upon raising the temperature to 25 ºC small STD 
enhancements were obtained for Manα(1-2)Manα(1-2)ManαOMe in the presence 
of CV-N
MutDA, but not in the presence of CV-N
MutDB.  
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Figure 12. Region of the 1D 
1H NMR spectra of Manα(1-3)[Manα(1-6)]ManOMe at 10 ºC, 
(top) reference spectra, (middle) STD spectra and (bottom) STD spectra corrected for high 
ligand concentration.  
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Figure 13. Region of the 1D 
1H NMR spectra of Manα(1-2)Manα(1-2)ManαOMe at 10 ºC, 
(top) reference spectra, (middle) STD spectra and (bottom) STD spectra corrected for high 
ligand concentration.  
 
In the competition studies a medium affinity ligand is used. An STD NMR 
spectrum of this ligand is first recorded. The other ligand is added to the solution 
and a new STD NMR experiment is performed.  A significant reduction or 
disappearance of the STD signal of the medium affinity ligand will prove the 
presence of a high affinity ligand competing for the same binding site.  
The STD NMR spectra of Manα(1-2)Manα(1-6)ManαOMe in the presence of each 
protein show no large reduction of signals upon addition of the core trisaccharide 
Manα(1-3)[Manα(1-6)]ManαOMe (Figure 14). This suggests that Manα(1-
3)[Manα(1-6)]ManαOMe does not interact with either CV-N
MutDA nor CV-N
MutDB. 
  36These results are in good agreement with previous studies showing that Manα(1-
2)Manα epitope is required for binding(37, 43, 44, 117). 
For Manα(1-2)Manα(1-2)ManαOMe, two competition experiments were 
performed, one with Manα(1-2)Manα(1-6)ManαOMe and one with Manα(1-
2)ManαOMe. In both competitions studies, a clear reduction of the STD signals of 
the medium affinity ligand was observed upon addition of Manα(1-2)Manα(1-
2)ManαOMe. Figure 15 shows the competition experiment performed with the 
disaccharide. These experiments indicate that Manα(1-2)Manα(1-2)ManαOMe is a 
high affinity ligand for both CV-N mutants.  
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Figure 14. The top spectra are reference 
1H NMR spectra of Manα(1-2)Manα(1-
6)ManαOMe in the presence of each protein, the middle spectra are the STD spectra of the 
same sample and the bottom spectra are STD spectra after addition of Manα(1-3)[Manα(1-
6)]ManαOMe.  
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Figure 15. The top spectra are  the reference 
1H NMR spectra of Manα(1-2)ManαOMe in 
the presence of each protein, the middle spectra are the STD of the same sample and the 
bottom spectra are STD spectra recorded after addition of Manα(1-2)Manα(1-2)ManαOMe. 
   
Isothermal titration calorimetry experiments were performed by our collaborators 
for the linear α(1,2)-linked trimannoside with CV-N
MutDB in order to determine the 
binding constant. A negative ΔH value, of – 8.22 kcal/mol (Table 5), indicated that 
the binding is driven by enthalpic contributions, with a strong unfavourable 
entropic contribution, which is consistent with loss in rotational, translational and 
conformational freedom for the trisaccharide upon complex formation. The ΔG 
value of – 7.6 kcal/mol was obtained by analysis of the binding isotherm and fits a 
one site model satisfactory. This is also consistent with data for the CV-N
mutDB 
interactions with Man9(51). No attempt was made to obtain binding parameters for 
CV-N
MutDA due to the existence of two binding sites.    
 
Table 5. Overall thermodynamic parameters recovered from the binding data of CV-N
mutDB 
with Manα(1-2)Manα(1-2)ManαOMe, (Man3) using one-site model.  
 
Enthalpy 
ΔH 
(kcal/mol) 
Entropy 
TΔS (kcal/mol) 
Free energy 
ΔG (kcal/mol) 
Affinity 
Kd (μM) 
CVN
mutDB- Man3 -8.22 ± 0.03  - 6.54 ± 0.03  -7.57± 0.08  3.4±0.05 
CVN
mutDB- 
Man9
* -11.12 ± 0.1  -3.68 ± 0.06  -7.431 ± 0.04  4.3 ± 0.3 
* Taken from Ref. (51). 
 
The fact that similar results were obtained for both mutants with the disaccharide 
and trisaccharides, Manα(1-2)Manα(1-3)ManαOMe and Manα(1-2)Manα(1-
6)ManαOMe, suggests that the binding modes are similar for the two binding 
sites. Additionally we could show that the binding affinity of the α(1,2)-linked 
trimannoside, Manα(1-2)Manα(1-2)ManαOMe, were higher for both mutants 
which confirms the previous results(117) that showed that not only the link 
between the two terminal residues are important for binding but also the link   39 
between the reducing end and middle residue. This further suggests that the 
conformation around the glycosidic linkage causes the observed selectivity. In 
binding, the carbohydrate adopts a stacked conformation for which the α(1,2)-
linked trisaccharide is more compact compared to the trisaccharide with α(1,3)- 
and α(1,6)-linkages to the reducing end residue. 
These observations can be explained with the aid of the map of mutations in the 
two mutants (Scheme 8). The polar residues of Domain B which are most crucial 
for carbohydrate binding, Glu41, Asn42, Thr57 and Arg76 are replaced with non-
polar alanine residues. Hydroxy groups of the carbohydrate ligands are thereby 
prevented from participating in polar interactions and hydrogen bonding with the 
binding site in domain B, which have been suggested to play a key role in the 
binding interactions(42, 45, 46). The binding site in Domain A is still able to bind 
carbohydrates according to data from STD NMR, however, it was shown that the 
mutations result in a complete loss of antiviral activity(51).  
 
The mutations in CV-N
MutDA were made to eliminate the preference for the D1 arm 
of Man9. According to Bewley, Lys3, Gln6, Thr7, Glu23, Thr25 and Asn93 are 
involved in either water mediated or direct hydrogen bonding with hydroxyls of 
the disaccharide Manα(1→2)Man. In the mutant, four of these residues were 
replaced with amino acid residues that either lack hydrogen bond donor or 
acceptor capacity or have shorter side-chains. The aim of the mutations was to 
obtain a binding site similar to that in domain B and thereby eliminate the 
preference for the Manα(1-2)Manα(1-2)ManαOMe trisaccharide while retaining 
the recognition for the Manα(1-2)Man epitope. The STD NMR experiments 
showed that CV
MutDA binds to the disaccharide Manα(1-2)ManαOMe as well as to 
the trisaccharides Manα(1-2)Manα(1-3)ManαOMe, Manα(1-2)Manα(1-
6)ManαOMe and Manα(1-2)Manα(1-2)ManαOMe.  
 
 
5.3 Paper IV – NMR study of hydroxy protons of di- and trisaccharides, 
substructures of Man9
 
The solution conformations of α(1,2)-,  α(1,3)- and α(1,6)-linked di- and tri-
mannosides, building blocks of Man9, have been widely investigated by NMR 
spectroscopy and molecular modelling due to the importance of the molecule in 
recognition processes(25, 120-124). The importance of conformation in molecular 
recognition is exemplified in the interaction between Manα(1-2)ManαOMe and 
CV-N. The disaccharide adopts a conformation in which one mannose residue is 
stacked over the other residue, giving a compact structure that can penetrate into 
the binding sites on the protein(45). The disaccharides Manα(1-3)ManαOMe and 
Manα (1-6)ManαOMe did not bind to CV-N while the trisaccharides forming the 
three branches of Man9 had different binding affinities(37). 
The NMR studies on these compounds have been dealing with the non-
exchangeable protons, and we have investigated the hydroxy protons to determine 
if information on hydrogen bonds and hydration could be obtained. 
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Most of the hydroxy protons in Manα(1-2)ManαOMe, Manα(1-3)ManαOMe and 
Manα(1-6)ManαOMe have chemical shifts that are very similar to those in the 
monosaccharide methyl α-D-mannoside (Table 6). Exceptions are found for the 
O(3)H signal of the reducing end in Manα(1-2)ManαOMe and for O(2)H and 
O(4)H of the reducing end in Manα(1-3)ManαOMe. These protons have positive 
Δδ values larger than + 0.15 ppm. Positive Δδ indicate that the hydroxy protons 
experience a downfield shift in the disaccharide relative to the same proton in the 
corresponding monosaccharide. In Manα(1-6)ManαOMe, none of the hydroxy 
protons has large Δδ values. 
 
Table 6. Chemical shift (δ, ppm) at –10 ºC, temperature coefficients (|dδ/dT|, ppb/ºC) and 
chemical shift differences compared to monosaccharide (Δδ, ppm) for each disaccharide.  
     O(2)H O(3)H O(4)H O(6)H 
  δ  6,29 6,15 6,37 6,06  ManαOMe   d δ/dT 12,9 13,1 12,6 14,7 
H dδ/dT    14,2 12,8 14,9 
  Δδ   0,16  -0,02 -0,06 
H’ dδ/dT 13,3 13,0 13,1 16,1 
Manα(1-2)ManαOMe 
  Δδ  -0,04 -0,06 -0,01 0,03 
H dδ/dT 14,9    13,1 15,7 
  Δδ  0,23    0,22  0,04 
H’ dδ/dT 13,6 13,5 13,5 13,8 
Manα(1-3)ManαOMe 
  Δδ  0,04 0,03 0,05 -0,04 
H dδ/dT 9,5 13,2  10,6   
  Δδ -0,03  0,02  0,00   
H’ dδ/dT 11,8 11,5 13,9 14,3 
Manα(1-6)ManαOMe 
a
  Δδ  0,02 -0,00 0,03 -0,02 
a The Δδ - values were measured at – 7 ºC. 
 
The trisaccharide Manα(1-2)Manα(1-2)ManαOMe has two O(3)H, one on the 
reducing and one at the penultimate end, showing a positive Δδ. In Manα(1-
2)Manα(1-3)ManαOMe, three hydroxy protons, O(2)H and O(4)H of the reducing 
end and O(3)H at the penultimate sugar have positive Δδ. In Manα(1-2)Manα(1-
6)ManαOMe, O(3’)H has a positive Δδ while in the branched Manα(1-3)[Manα(1-
6)]ManαOMe, the O(2)H and O(4)H are experiencing a downfield shift. No 
hydroxy protons from the Manα(1-6)ManαOMe moieties in Manα(1-2)Manα(1-
6)ManαOMe or Man(1-3)[Manα(1-6)]ManαOMe have large Δδ values. Thus, the 
changes in chemical shift observed when forming a disaccharide from a 
monosaccharide are conserved in the trisaccharides, and no additional changes are 
observed when building the trisaccharides from the two constituent disaccharide 
subunits.  
According to previous studies, positive Δδ might be due either to the effect of 
glycosylation or to the proximity of the hydroxy proton to a hydroxyl group from 
a neighbouring sugar(123). For CH proton, the effect of glycosylation on chemical 
shifts is well known and results usually in a deshielding of the protons across the 
glycodic bond as well as of the protons at the two neighbouring sites of the 
aglycon. The magnitude of the deshielding depends on the type of 
monosaccharide, anomeric linkage, and conformation around the glycosidic bond. 
The main causes for this deshielding are the steric repulsion between hydrogen 
and the fixation of oxygen lone-pairs close in space to the hydrogen in   41 
question(125). In the di- and trimannosides, the hydroxy protons exhibiting a large 
positive Δδ are located at the neighbouring sites of the aglycon (O(3)H in Manα(1-
2)ManαOMe and O(2)H, O(4)H in Manα(1-3)ManαOMe, and therefore these Δδ 
might be due to the proximity of the protons to the glycosidic linkage oxygen with 
more directed lone pairs. We have shown previously that large positive Δδ could 
also be correlated to spatial proximity to another hydroxyl group. In some cases, 
the spatial proximity between the two hydroxyl groups was confirmed by chemical 
exchange cross-peaks in the ROESY spectra. These effects were observed for 
O(2’)H and O(3)H in maltose and in cyclodextrins(21). 
 
Table 7. Chemical shift (δ, ppm) at –10 ºC, temperature coefficients (|dδ/dT|, ppb/ºC) and 
chemical shift differences compared to monosaccharide (Δδ, ppm) for each trisaccharide. 
     O(2)H  O(3)H O(4)H O(6)H 
  δ 6,29  6,15 6,37 6,06  ManαOMe   d δ/dT 12,9  13,1 12,6 14,7 
H dδ/dT   11,4 10,2 12,4 
  Δδ   0,15  0,02  -0,07 
H’ dδ/dT   10,7 11,0 12,7 
  Δδ   0,13 0  -0,00 
H” dδ/dT 10,4  10,2 10,7 12,9 
Manα(1-2)Manα(1-2)ManαOMe 
  Δδ -0,05  -0,07 -0,01 -0,03 
H dδ/dT 13,8   13,5  14,4 
  Δδ  0,15    0,20  -0,01 
H’ dδ/dT   12,6 12,3 13,3 
  Δδ   0,16  0,00 -0,12 
H” dδ/dT 13,0  13,0 11,2 15,1 
Manα(1-2)Manα(1-3)ManαOMe 
  Δδ -0,04  -0,06 -0,04 -0,13 
H dδ/dT 9,9 11,9  9,8   
  Δδ -0,08  -0,04 -0,04   
H’ dδ/dT   11,7 12,0 12,4 
  Δδ   0,14  -0,01  -0,11 
H” dδ/dT 11,7  10,4 11,2 13,4 
Manα(1-2)Manα(1-3)ManαOMe 
  Δδ -0,04  -0,06 -0,02 -0,04 
H dδ/dT 15,3  12  
  Δδ  0,17   0,20  
H’ dδ/dT 13,5  14,7 13,0 14,0 
  Δδ 0,03  0,04 0,04 -0,06 
H” dδ/dT 13,5  14,7 13,0 14,0 
Manα(1-3)[Manα(1-6)]ManαOMe
a
  Δδ 0,03  0,04 0,04 -0,06 
a The Δδ - values were measured at – 9 ºC 
 
The branched trisaccharides Glcβ(1-3)[Glcβ(1-4)]GalαOMe, Glcβ(1-3)Fucα(1-
4)]GalαOMe  and Glcβ(1-3)[Fucβ(1-4)]GalαOMe, were characterized by a 
downfield shift of O(2)H Gal and a chemical exchange between O(2)H Gal and 
O(2)H Glc(125). Even in disaccharides, where higher conformational flexibility 
exists, downfield shift and chemical exchange were observed between O(2)H Glc 
and O(2)H Gal in Glcβ(1-3)GalαOMe and between O(2)H Fuc and O(3)H Gal in 
Fucα(1-4)GalαOMe(126). For all these compounds, the coupling constants and 
temperature coefficients values indicated however that no strong hydrogen 
bonding interaction was involved. It is therefore possible that these interactions 
are present for geometrical reason in the minimum energy conformations, but they 
do not stabilize the conformation. One should however note that downfield shifts   42
are not systematically measured for all hydroxy protons situated on each side of 
the glycosidic linkage. 
With the α(1,6)-linkage, only small Δδ values were observed, suggesting that the 
hydroxy protons do not have, at least for a significant amount of time, any close 
contact to non-protonated oxygen or to hydroxyl group. This linkage involves the 
exocyclic hydroxymethyl group of one of the monosaccharide subunit. This extra 
bond in the linkage reduces the steric interactions between the two sugars and 
enhances their conformational flexibility. Thus the data confirm other studies 
showing that small Δδ can be good indicators of conformational flexibility and/or 
of absence of close contacts with other functional groups in the molecule. 
All hydroxy protons in the di- and trimannosides have high temperature 
coefficient |dδ/dT|-values (Table 6 and 7) indicating that they are fully hydrated 
and not involved in strong intermolecular hydrogen bond interaction. NOESY and 
ROESY experiments run at several mixing times showed no dipolar or chemical 
exchange between hydroxy protons that could support the existence of interaction 
involving O(3)H in Manα(1-2)ManαOMe and O(2)H or O(4)H in Manα(1-
3)ManαOMe. For Manα(1-3)ManαOMe however, an NOE was found between 
O(4)H of the reducing end and H5 on the non reducing end. To get some insight 
on whether the positive Δδ’s were due to glycosylation effects and/or to spatial 
proximities between hydroxyl groups, previously reported conformational studies 
were examined. 
 
The α(1,2)-linkage has been shown to adopt two interconverting conformations 
(Φ/ Ψ = +70º/-105º and Φ/Ψ= +65º/-170º, with Φ = O5’-C1’-O1’-C2, Ψ = C1’-
O1’-C2-C1) and inspection of these conformations shows that O(3)H has no close 
contact to hydroxyl groups on the neighbouring sugar(25). Thus, the downfield 
shift measured for O(3)H might only reflect glycosylation shift due to proximity to 
the lone pair of the glycosidic oxygen. According to Ref. (123) the potential 
energy surface as a function of the dihedral angles ΦH = H1’-C1’-O1’-C2 and ΨH 
= C1’-O1’-C2-H2 have a global minimum for the α(1,2)-linkage at ΦH / ΨH = -
47°/20°, which also is in agreement with the above mentioned review(25).  
A recent study, performed in the gas phase(124), on the structural preferences of 
the α(1,3)- and α(1,6)-dimannosides has shown that for the α(1,3)-linkage, only 
one conformer is significantly populated (ΦH/ΨH = -32º/52º). In this conformation, 
there is a relatively strong O(2)H-O6’ hydrogen bond, in which O6’ is the 
acceptor. Table 6 shows that O(4)H also have a positive Δδ. Inspection of the 3D 
structure, shows however that the distance between O(4) and O(2’) is too large for 
inter residual contact (5.8 Å). In this model the closest oxygen to O(4) is the O1’ 
of the link which make it more probable that the chemical shift difference for 
O(4)H is due to glycosylation shift and not to an interaction with hydroxyls on the 
other residue.  
In general the trisaccharides with α(1,2)- and α(1,3)-linkages have slightly lower 
Δδ-values than those measured in the disaccharides. The differences however are 
too small to allow an interpretation of the data. The largest deshielding in the 
trisaccharides is for O(4)H of the reducing end residue of Manα(1-2)Manα(1-
3)ManαOMe and Manα(1-3)[Manα(1-6)]ManαOMe which is 0.20 ppm in both 
cases. Thus, despite the fact that O(4)H of the reducing end is between two 
glycosidic linkages in the branched trisaccharide, its Δδ-value is the same as in the   43 
linear Manα(1-2)Manα(1-3)ManαOMe trisaccharide. This show the higher degree 
of flexibility in the 1,6-linkage.  
 
6 Concluding  remarks 
 
It has been shown that the NMR data obtained from hydroxy protons can be used 
to obtain information on hydrogen bonding and hydration changes in 
cyclodextrins upon formation of inclusion complexes. For α-CD in complex with 
adamantane derivatives, it was clearly demonstrated that the hydroxy proton 
chemical shifts are very good indicators of hydration changes. With mono-altro-β-
cyclodextrin in complex with adamantane-1-carboxylic acid, changes in chemical 
shifts could be correlated to changes in the hydrogen bond network in the 
cyclodextrin. 
 
The STD NMR spectroscopy study on the interaction between mutants of CV-N 
and oligomannosides showed that despite the mutations both proteins have the 
ability to recognise the Manα(1-2)Man epitope. The H2, H3 and H4 protons on the 
reducing end had the closest contact with the binding site on domain A of the 
protein. The two mutants have different affinity for the trisaccharide Manα(1-
2)Manα(1-2)ManαOMe, CV-M
MutDB having the stronger affinity.  
 
 
Future aspects 
A direct continuation of this work will be to perform STD NMR studies on 2’-, 3’-
, 4’- and 6’-deoxy-analogues of the disaccharide Manα(1-2)ManOMe. This would 
allow the determination of the hydroxyl groups that are required for binding to 
CV-N. 
 
Due to difficulties in observing hydroxy protons in NMR spectroscopy, studies 
dealing with carbohydrate interactions are usually performed in D2O solutions and 
only the CH non-exchangeable protons are studied. If it was possible to observe 
the hydroxy protons, one could directly identify the hydroxyl groups that are in 
contact with the protein and thereby the key functional groups necessary for 
binding. Thus, it would be of great interest to develop methods in which hydroxy 
protons are observed in STD NMR spectroscopic experiments. 
 
 
 
 
   44
7 References 
 
(1) Lindhorst, T. K. (2000) Essentials of Carbohydrate Chemistry and Biochemistry, 
WILEY-VCH. 
(2)  Stryer, L. (1995) Biochemistry, 4th ed., W.H. Freeman and Company, New York. 
(3)  Rudiger, H., Siebert, H. C., Solis, D., Jimenez-Barbero, J., Romero, A., von der Lieth, 
C. W., Diaz-Maurino, T., and Gabius, H. J. (2000) Medicinal chemistry based on the 
sugar code: Fundamentals of lectinology and experimental strategies with lectins as 
targets. Current Medicinal Chemistry 7, 389-416. 
(4)  Leeflang, B. R., Vliegenthart, J. F. G., Kroonbatenburg, L. M. J., Vaneijck, B. P., and 
Kroon, J. (1992) A 
1H NMR and MD Study of Intramolecular Hydrogen-Bonds in 
Methyl β-Cellobioside. Carbohydrate Research 230, 41-61. 
(5)  Dwek, R. A. (1996) Glycobiology: Toward understanding the function of sugars. 
Chemical Reviews 96, 683-720. 
(6)  Villiers, A. (1891) CHIMIE ORGANIQUE-Sur la fermentation de la fècule par l'action 
du ferment buturique. Comptes Rendus 112, 536-538. 
(7)  Szejtli, J. (2004) Past, present, and future of cyclodextrin research. Pure and Applied 
Chemistry 76, 1825-1845. 
(8)  Uekama, K., Hirayama, F., and Irie, T. (1998) Cyclodextrin Drug Carrier Systems. 
Chem. Rev. 98, 2045-2076. 
(9)  Harata, K. (1996) Cyclodextrins as Enzyme Models, in Comprehensive 
Supramolecular Chemistry (Szejtli, J., and Osa, T., Eds.) pp 401-422, Elsevier, Oxford. 
(10) Harata, K. (1998) Structural aspects of stereodifferentiation in the solid state. Chemical 
Reviews 98, 1803-1827. 
(11) Saenger, W. R., Jacob, J., Gessler, K., Steiner, T., Hoffmann, D., Sanbe, H., Koizumi, 
K., Smith, S. M., and Takaha, T. (1998) Structures of the common cyclodextrins and 
their larger analogues - Beyond the doughnut. Chemical Reviews 98, 1787-1802. 
(12)  Manor, P. C., and Saenger, W. R. (1974) Topography of Cyclodextrin Inclusion 
Complexes III. Crystal and Molecular Structure of Cyclohexaamylose Hexahydrate, the 
(H2O)2 Inclusion Complex. Journal of American Chemical Society 96, 3630-3639. 
(13) Jeffrey, G. A. (1991) O-H...O Hydrogen Bonding in Crystal Structures of Cyclic and 
Linear Oligoamyloses: Cyclodextrins, Maltotriose and Maltohexose, in Hydrogen 
bonding in biological structures pp 309-355, Springer-Vlg, Berlin. 
(14)  Schneider, H.-J., Hacket, F., Rüdiger, V., and Ikeda, H. (1998) NMR studies of 
cyclodextrins and cyclodextrin complexes. Chemical Reviews 98, 1755-1785. 
(15)  Harries, D., Rau, D. C., and Parsegian, V. A. (2005) Solutes Probe Hydration in 
Specific Association of Cyclodextrin and Adamantane. Journal of American Chemical 
Society 127, 2184-2190. 
(16) Kawamura, M., and Higashi, M. (2005) Induced circular dichroism spectra of beta- and 
gamma-cyclodextrin complexes with indazolinone and related compounds. Journal of 
Inclusion Phenomena and Macrocyclic Chemistry 51, 11-15. 
(17)  Harata, K., and Uedaira, H. (1975) The Circular Dichroism Spectra of the β-
Cyclodextrin Complex with Naphtalene Derivatives. Bulletin of the Chemical Society of 
Japan 48, 375-378. 
(18) Asztemborska, M., and Bielejewska, A. (2006) Chromatographic Studies of Molecular 
and Chiral Recognition, in Cyclodextrins and Their Complexes (Dodziuk, H., Ed.) pp 
106-118, WILEY-VCH Verlag GmbH & Co., Weinheim. 
(19) Komiyama, M., and Bender, M. L. (1978) Importance of Apolar Binding in Complex 
Formation of Cyclodextrins with Adamantanecarbixylate. Journal of the American 
Chemical Society 100, 2259-2260. 
(20) Rüdiger, V., Eliseev, A., Simova, S., Schneider, H. J., Blandamer, M. J., Cullis, P. M., 
and Meyer, A. J. (1996) Conformational, calorimetric and NMR spectroscopic studies on 
inclusion complexes of cyclodextrins with substituted phenyl and adamantane 
derivatives. Journal of the Chemical Society-Perkin Transactions 2, 2119-2123.   45 
(21)  Bekiroglu, S., Kenne, L., and Sandstrom, C. (2003) 
1H NMR studies of maltose, 
maltoheptaose,  α-,  β-, and γ-cyclodextrins, and complexes in aqueous solutions with 
hydroxy protons as structural probes. Journal of Organic Chemistry 68, 1671-1678. 
(22) Geyer, H., Holschbach, C., Hunsmann, G., and Schneider, J. (1988) Carbohydrates of 
Human Immunodeficiency Virus - Structures of oligosaccharides bound to the 
glycoprotein 120. Journal of Biological Chemistry 263, 11760-11767. 
(23) Gallo, R. C. (1988) The Aids Virus. Scientific American 259, 39-48. 
(24) Almond, A. (2005) Towards understanding the interaction between oligosaccharides 
and water molecules. Carbohydrate Research 340, 907-920. 
(25) Wormald, M. R., Petrescu, A. J., Pao, Y. L., Glithero, A., Elliott, T., and Dwek, R. A. 
(2002) Conformational studies of oligosaccharides and glycopeptides: Complementarity 
of NMR, X-ray crystallography, and molecular modelling. Chemical Reviews 102, 371-
386. 
(26) Lis, H., and Sharon, N. (1998) Lectins: Carbohydrate-specific proteins that mediate 
cellular recognition. Chemical Reviews 98, 637-674. 
(27) Boyd, M. R., Gustafson, K. R., McMahon, J. B., Shoemaker, R. H., Okeefe, B. R., 
Mori, T., Gulakowski, R. J., Wu, L., Rivera, M. I., Laurencot, C. M., Currens, M. J., 
Cardellina, J. H., Buckheit, R. W., Nara, P. L., Pannell, L. K., Sowder, R. C., and 
Henderson, L. E. (1997) Discovery of cyanovirin-N, a novel human immunodeficiency 
virus-inactivating protein that binds viral surface envelope glycoprotein gp120: Potential 
applications to microbicide development. Antimicrobial Agents and Chemotherapy 41, 
1521-1530. 
(28) Esser, M. T., Mori, T., Mondor, I., Sattentau, Q. J., Dey, B., Berger, E. A., Boyd, M. 
R., and Lifson, J. D. (1999) Cyanovirin-N binds to gp120 to interfere with CD4-
dependent human immunodeficiency virus type 1 virion binding, fusion, and infectivity 
but does not affect the CD4 binding site on gp120 or soluble CD4-induced 
conformational changes in gp120. Journal of Virology 73, 4360-4371. 
(29) Dey, B., Lerner, D. L., Lusso, P., Boyd, M. R., Elder, J. H., and Berger, E. A. (2000) 
Multiple antiviral activities of cyanovirin-N: Blocking of human immunodeficiency virus 
type 1 gp120 interaction with CD4 and coreceptor and inhibition of diverse enveloped 
viruses. Journal of Virology 74, 4562-4569. 
(30)  Barrientos, L. G., O'Keefe, B. R., Bray, M., Anthony, S., Gronenborn, A. M., and 
Boyd, M. R. (2003) Cyanovirin-N binds to the viral surface glycoprotein, GP(1,2) and 
inhibits infectivity of Ebola virus. Antiviral Research 58, 47-56. 
(31) Barrientos, L. G., and Gronenborn, A. M. (2005) The highly specific carbohydrate-
binding protein cyanovirin-N: Structure, anti-HIV/Ebola activity and possibilities for 
therapy. Mini-Reviews in Medicinal Chemistry 5, 21-31. 
(32) O'Keefe, B. R., Smee, D. F., Turpin, J. A., Saucedo, C. J., Gustafson, K. R., Mori, T., 
Blakeslee, D., Buckheit, R., and Boyd, M. R. (2003) Potent anti-influenza activity of 
cyanovirin-N and interactions with viral hemagglutinin. Antimicrobial Agents and 
Chemotherapy 47, 2518-2525. 
(33) Helle, F., Wychowski, C., Vu-Dac, N., Gustafson, K. R., Voisset, C., and Dubuisson, 
J. (2006) Cyanovirin-N inhibits hepatitis C virus entry by binding to envelope protein 
glycans. Journal of Biological Chemistry 281, 25177-25183. 
(34) Bolmstedt, A. J., O'Keefe, B. R., Shenoy, S. R., McMahon, J. B., and Boyd, M. R. 
(2001) HIV-inhibitory natural products part 71 - Cyanovirin-N defines a new class of 
antiviral agent targeting N-linked, high-mannose glycans in an oligosaccharide-specific 
manner. Molecular Pharmacology 59, 949-954. 
(35) Botos, I., O'Keefe, B. R., Shenoy, S. R., Cartner, L. K., Ratner, D. M., Seeberger, P. 
H., Boyd, M. R., and Wlodawer, A. (2002) Structures of the complexes of a potent anti-
HIV protein cyanovirin-N and high mannose oligosaccharides. Journal of Biological 
Chemistry 277, 34336-34342. 
(36) O'Keefe, B. R., Shenoy, S. R., Xie, D., Zhang, W. T., Muschik, J. M., Currens, M. J., 
Chaiken, I., and Boyd, M. R. (2000) Analysis of the interaction between the HIV-
Inactivating protein cyanovirin-N and soluble forms of the envelope glycoproteins gp120 
and gp41. Molecular Pharmacology 58, 982-992.   46
(37) Bewley, C. A., Kiyonaka, S., and Hamachi, I. (2002) Site-specific discrimination by 
cyanovirin-N for α-linked trisaccharides comprising the three arms of Man(8) and 
Man(9). Journal of Molecular Biology 322, 881-889. 
(38) Bewley, C. A. (2001) Rapid validation of the overall structure of an internal domain-
swapped mutant of the anti-HIV protein cyanovirin-N using residual dipolar couplings. 
Journal of the American Chemical Society 123, 1014-1015. 
(39) Bewley, C. A., Gustafson, K. R., Boyd, M. R., Covell, D. G., Bax, A., Clore, G. M., 
and Gronenborn, A. M. (1998) Solution structure of cyanovirin-N, a potent HIV-
inactivating protein. Nature Structural Biology 5, 571-578. 
(40) Yang, F., Bewley, C. A., Louis, J. M., Gustafson, K. R., Boyd, M. R., Gronenborn, A. 
M., Clore, G. M., and Wlodawer, A. (1999) Crystal structure of cyanovirin-N, a potent 
HIV-inactivating protein, shows unexpected domain swapping. Journal of Molecular 
Biology 288, 403-412. 
(41) Barrientos, L. G., Louis, J. M., Botos, I., Mori, T., Han, Z. Z., O'Keefe, B. R., Boyd, 
M. R., Wlodawer, A., and Gronenborn, A. M. (2002) The domain-swapped dimer of 
cyanovirin-N is in a metastable folded state: Reconciliation of X-ray and NMR 
structures. Structure 10, 673-686. 
(42)  Shenoy, S. R., O'Keefe, B. R., Bolmstedt, A. J., Cartner, L. K., and Boyd, M. R. 
(2001) Selective interactions of the human immunodeficiency virus-inactivating protein 
cyanovirin-N with high-mannose oligosaccharides on gp120 and other glycoproteins. 
Journal of Pharmacology and Experimental Therapeutics 297, 704-710. 
(43) Bewley, C. A., and Otero-Quintero, S. (2001) The potent anti-HIV protein cyanovirin-
N contains two novel carbohydrate binding sites that selectively bind to man(8) D1D3 
and Man(9) with nanomolar affinity: Implications for binding to the HIV envelope 
protein gp120. Journal of the American Chemical Society 123, 3892-3902. 
(44)  Shenoy, S. R., Barrientos, L. G., Ratner, D. M., O'Keefe, B. R., Seeberger, P. H., 
Gronenborn, A. M., and Boyd, M. R. (2002) Multisite and multivalent binding between 
cyanovirin-N and branched oligomannosides: Calorimetric and NMR characterization. 
Chemistry & Biology 9, 1109-1118. 
(45) Bewley, C. A. (2001) Solution structure of a cyanovirin-N: Manα1-2Manα complex: 
Structural basis for high-affinity carbohydrate-mediated binding to gp120. Structure 9, 
931-940. 
(46) O'Keefe, B. R., Shenoy, S. R., Xie, D., Zhang, W., Muschik, J. M., Currens, M. J., 
Chaiken, I., and Boyd, M. R. (2000) Analysis of the Interaction between the HIV-
Inactivating Protein Cyanovirin-N and Soluble Forms of the Envelope Glycoproteins 
gp120 and gp41. Mol Pharmacol 58, 982-992. 
(47) Kelley, B. S., Chang, L. C., and Bewley, C. A. (2002) Engineering an obligate domain-
swapped dimer of cyanovirin-N with enhanced anti-HIV activity. Journal of the 
American Chemical Society 124, 3210-3211. 
(48) Barrientos, L. G., Lasala, F., Delgado, R., Sanchez, A., and Gronenborn, A. M. (2004) 
Flipping the switch from monomeric to dimeric CV-N has little effect on antiviral 
activity. Structure 12, 1799-1807. 
(49) Barrientos, L. G., Louis, J. M., Ratner, D. M., Seeberger, P. H., and Gronenborn, A. M. 
(2003) Solution structure of a circular-permuted variant of the potent HIV-inactivating 
protein cyanovirin-N: Structural basis for protein stability and oligosaccharide 
interaction. Journal of Molecular Biology 325, 211-223. 
(50)  Chang, L. C., and Bewley, C. A. (2002) Potent inhibition of HIV-1 fusion by 
cyanovirin-N requires only a single high affinity carbohydrate binding site: 
Characterization of low affinity carbohydrate binding site knockout mutants. Journal of 
Molecular Biology 318, 1-8. 
(51) Barrientos, L. G., Matei, E., Lasala, F., Delgado, R., and Gronenborn, A. M. (2006) 
Dissecting carbohydrate-Cyanovirin-N binding by structure-guided mutagenesis: 
functional implications for viral entry inhibition. Protein Engineering, Design and 
Selection 19, 525-535. 
(52) Mori, T., Barrientos, L. G., Han, Z. Z., Gronenborn, A. M., Turpin, J. A., and Boyd, 
M. R. (2002) Functional homologs of cyanovirin-N amenable to mass production in 
prokaryotic and eukaryotic hosts. Protein Expression and Purification 26, 42-49.   47 
(53) Sexton, A., Drake, P. M., Mahmood, N., Harman, S. J., Shattock, R. J., and Ma, J. K. 
C. (2005) Transgenic plant production of Cyanovirin-N, an HIV microbicide. FASEB 
Journal 19, 356-358. 
(54) Liu, X. W., Lagenaur, L. A., Simpson, D. A., Essenmacher, K. P., Frazier-Parker, C. 
L., Liu, Y., Tsai, D., Rao, S. S., Hamer, D. H., Parks, T. P., Lee, P. P., and Xu, Q. (2006) 
Engineered vaginal Lactobacillus strain for mucosal delivery of the human 
immunodeficiency virus inhibitor cyanovirin-N. Antimicrobial Agents and Chemotherapy 
50, 3250-3259. 
(55)  Barrientos, L. G., and Gronenborn, A. M. (2002) The domain-swapped dimer of 
cyanovirin-N contains two sets of oligosaccharide binding sites in solution. Biochemical 
and Biophysical Research Communications 298, 598-602. 
(56)  Purcell, E. M., Torrey, H. C., and Pound, R. V. (1946) Resonance Absorption by 
Nuclear Magnetic Moments in a Solid. Physical Review 69, 37-38. 
(57) Bloch, F., Hansen, W. W., and Packard, M. (1946) Nuclear Induction. Physical Review 
69, 127. 
(58) The Official Web Site of the Nobel Foundation, Stockholm. 
http://nobelprize.org/nobel_prizes/physics/laureates/1952/index.html, (accessed 
December 17
th 2006). 
(59) The Official Web Site of the Nobel Foundation, Stockholm. 
http://nobelprize.org/nobel_prizes/chemistry/laureates/1991/press.html, (accessed 
December 17
th 2006). 
(60) The Official Web Site of the Nobel Foundation, Stockholm. 
http://nobelprize.org/nobel_prizes/chemistry/laureates/2002/chemadv02.pdf, (accessed 
December 17
th 2006). 
(61)  Bose, B., Zhao, S., Stenutz, R., Cloran, F., Bondo, P. B., Bondo, G., Hertz, B., 
Carmichael, I., and Serianni, A. S. (1998) Three-bond C-O-C-C spin-coupling constants 
in carbohydrates: Development of a Karplus relationship. Journal of the American 
Chemical Society 120, 11158-11173. 
(62) Milton, M. J., Harris, R., Probert, M. A., Field, R. A., and Homans, S. W. (1998) New 
conformational constraints in isotopically (
13C) enriched oligosaccharides. Glycobiology 
8, 147-153. 
(63) Clore, G. M., Starich, M. R., Bewley, C. A., Cai, M., and Kuszewski, J. (1999) Impact 
of Residual Dipolar Couplings on the Accuracy of NMR Structures Determined from a 
Minimal Number of NOE Restraints. Journal of American Chemical Society 121, 6513-
6514. 
(64)  Tjandra, N., and Bax, A. (1997) Direct Measurement of Distances and Angles in 
Biomolecules by NMR in a Dilute Liquid Crystalline Medium. Science 278, 1111-1114. 
(65) Kiddle, G. R., Harris, R., and Homans, S. W. (1998) Heteronuclear Overhauser effects 
in carbohydrates. Journal of Biomolecular NMR 11, 289-294. 
(66) Martin-Pastor, M., and Bush, C. A. (2000) Conformational Studies of Human Milk 
Oligosaccharides Using 
1H-
13C One-Bond NMR Residual Dipolar Couplings. 
Biochemistry 39, 4674-4683. 
(67) Martin-Pastor, M., and Bush, C. A. (2000) The use of NMR residual dipolar couplings 
in aqueous dilute liquid crystalline medium for conformational studies of complex 
oligosaccharides. Carbohydrate Research 323, 147-155. 
(68)  Lycknert, K., Maliniak, A., and Widmalm, G. (2001) Analysis of oligosaccharide 
conformation by NMR spectroscopy utilizing 
1H,
1H- and 
1H,
13  C-residual dipolar 
couplings in a dilute liquid crystalline phase. Journal of Physical Chemistry A 105, 5119-
5122. 
(69) van Halbeek, H. (1994) NMR development in Structural Studies of Carbohydrates and 
their Complexes. Current Opinion in Structural Biology 4, 697-709. 
(70) Harvey, J. M., Symons, M. C. R., and Naftalin, R. J. (1976) Proton magnetic resonance 
study of the hydration of glucose. Nature 261, 435-436. 
(71)  Symons, M. C. R., Benbow, J. A., and Harvey, J. M. (1980) Hydroxyl-proton 
resonance shifts for a range of aqueous sugar solutions. Carbohydrate Research 83, 9-20.   48
(72)  Sandström, C., and Kenne, L. (2006) Hydroxy protons in structural studies of 
carbohydrates by NMR spectroscopy, in NMR Spectroscopy and Computer Modeling of 
Carbohydrates: Recent Advances pp 114-132. 
(73)  Poppe, L., Stuikeprill, R., Meyer, B., and Vanhalbeek, H. (1992) The Solution 
Conformation of Sialyl-α(2-]6)-Lactose Studied by Modern NMR Techniques and 
Monte-Carlo Simulations. Journal of Biomolecular NMR 2, 109-136. 
(74) Adams, B., and Lerner, L. E. (1994) Effect of Stereochemistry On Hydroxyl Proton 
Chemical-Shifts and Coupling-Constants in Carbohydrates. Magnetic Resonance in 
Chemistry 32, 225-230. 
(75) van Halbeek, H., and Poppe, L. (1992) Conformation and Dynamics of Glycoprotein 
Oligosaccharides As Studied By 
1H-NMR Spectroscopy. Magnetic Resonance in 
Chemistry 30, S74-S86. 
(76) Piotto, M., Saudek, V., and Sklenar, V. (1992) Gradient-Tailored Excitation for Single-
Quantum NMR-Spectroscopy of Aqueous-Solutions. Journal of Biomolecular NMR 2, 
661-665. 
(77) Sklenár, V., Piotto, M., Leppik, R., and Saudek, V. (1993) Gradient-Tailored Water 
Suppression For 
1H-
15N HSQC Experiments Optimized to Retain Full Sensitivity. 
Journal of Magnetic Resonance Series A 102, 241-245. 
(78)  Fraser, R. R., Kaufman, M., and Morand, P. (1969) Stereochemical dependance of 
vicinal H-C-O-H coupling constants. Canadian Journal of Chemistry 47, 403-409. 
(79) Poppe, L., and van Halbeek, H. (1994) NMR-Spectroscopy of Hydroxyl Protons in 
Supercooled Carbohydrates. Nature Structural Biology 1, 215-216. 
(80) Poppe, L., and van Halbeek, H. (1991) Nuclear Magnetic Resonance of Hydroxyl and 
Amido Protons of Oligosaccharides in Aqueous-Solution - Evidence For a Strong 
Intramolecular Hydrogen-Bond in Sialic-Acid Residues. Journal of the American 
Chemical Society 113, 363-365. 
(81) Kroon, J., Kroonbatenburg, L. M. J., Leeflang, B. R., and Vliegenthart, J. F. G. (1994) 
Intramolecular Versus Intermolecular Hydrogen-Bonding in Solution. Journal of 
Molecular Structure 322, 27-31. 
(82)  Leeflang, B. R., and Vliegenthart, J. F. G. (1990) Relayed Noe Experiments for 
Discrimination of Exchange Effects of Overlapping Labile Protons. Journal of Magnetic 
Resonance 89, 615-619. 
(83) Dobson, C. M., Lian, L.-Y., Redfield, C., and Topping, K. D. (1986) Measurement of 
Hydrogen Exchange Rates Using 2D NMR Spectroscopy. Journal of Magnetic 
Resonance 69, 201-209. 
(84)  Sandström, C., Magnusson, G., Nilsson, U., and Kenne, L. (1999) Comparative 
1H 
NMR study of hydroxy protons in galabioside and its S-linked 4-thiodisaccharide 
analogue in aqueous solution. Carbohydrate Research 322, 46-56. 
(85) Bekiroglu, S., Sandström, C., Norberg, T., and Kenne, L. (2000) Hydroxy protons in 
conformational study of a Lewis b tetrasaccharide derivative in aqueous solution by 
NMR spectroscopy. Carbohydrate Research 328, 409-418. 
(86)  Dabrowski, J., and Poppe, L. (1989) Hydroxyl and Amido Groups As Long-Range 
Sensors in Conformational-Analysis By Nuclear Overhauser Enhancement - a Source of 
Experimental-Evidence For Conformational Flexibility of Oligosaccharides. Journal of 
the American Chemical Society 111, 1510-1511. 
(87)  Poppe, L., and van Halbeek, H. (1992) The Rigidity of Sucrose - Just an Illusion. 
Journal of the American Chemical Society 114, 1092-1094. 
(88) Sheng, S., and van Halbeek, H. (1995) Evidence for a Transient Interresidue Hydrogen 
Bond in Sucrose in Aqueous Solution Obtained by Rotating-Frame Exchange NMR 
Spectroscopy under Supercooled Conditions. Biochemical and Biophysical Research 
Communications 215, 504-510. 
(89) Diercks, T., Coles, M., and Kessler, H. (2001) Applications of NMR in drug discovery. 
Current Opinion in Chemical Biology 5, 285-291. 
(90)  Homans, S. W. (2004) NMR spectroscopy tools for structure-aided drug design. 
Angewandte Chemie-International Edition 43, 290-300. 
(91) Klages, J., Coles, M., and Kessler, H. (2006) NMR-based screening: a powerful tool in 
fragment-based drug discovery. Molecular BioSystems 2, 318-332.   49 
(92)  Peng, J. W., Moore, J., and Abdul-Manan, N. (2004) NMR experiments for lead 
generation in drug discovery. Progress in Nuclear Magnetic Resonance Spectroscopy 44, 
225-256. 
(93)  Mayer, M., and Meyer, B. (1999) Characterization of ligand binding by saturation 
transfer difference NMR spectroscopy. Angewandte Chemie-International Edition  38, 
1784-1788. 
(94)  Mayer, M., and Meyer, B. (2001) Group epitope mapping by saturation transfer 
difference NMR to identify segments of a ligand in direct contact with a protein receptor. 
Journal of the American Chemical Society 123, 6108-6117. 
(95) Klein, J., Meinecke, R., Mayer, M., and Meyer, B. (1999) Detecting binding affinity to 
immobilized receptor proteins in compound libraries by HR-MAS STD NMR. Journal of 
the American Chemical Society 121, 5336-5337. 
(96) Meinecke, R., and Meyer, B. (2001) Determination of the binding specificity of an 
integral membrane protein by saturation transfer difference NMR: RGD peptide ligands 
binding to integrin alpha(IIb)beta(3). Journal of Medicinal Chemistry 44, 3059-3065. 
(97) Claasen, B., Axmann, M., Meinecke, R., and Meyer, B. (2005) Direct Observation of 
Ligand Binding to Membrane Proteins in Living Cells by a Saturation Transfer Double 
Difference (STDD) NMR Spectroscopy Method Shows a Significantly Higher Affinity of 
Integrin  αIIbβ3 in Native Platelets than in Liposomes. Journal of American Chemical 
Society 127, 916-919. 
(98) Yan, J. L., Kline, A. D., Mo, H. P., Shapiro, M. J., and Zartler, E. R. (2003) The effect 
of relaxation on the epitope mapping by saturation transfer difference NMR. Journal of 
Magnetic Resonance 163, 270-276. 
(99) Vogtherr, M., and Peters, T. (2000) Application of NMR Based Binding Assays to 
Identify Key Hydroxy Groups for Intermolecular Recognition. Journal of American 
Chemical Society 122, 6093-6099. 
(100)  Meyer, B., and Peters, T. (2003) NMR Spectroscopy techniques for screening and 
identifying ligand binding to protein receptors. Angewandte Chemie-International 
Edition 42, 864-890. 
(101)  Johnson, M. A., and Pinto, B. M. (2002) Saturation transfer difference 1D-TOCSY 
experiments to map the topography of oligosaccharides recognized by a monoclonal 
antibody directed against the cell-wall polysaccharide of Group A Streptococcus. Journal 
of the American Chemical Society 124, 15368-15374. 
(102)  Maaheimo, H., Kosma, P., Brade, L., Brade, H., and Peters, T. (2000) Mapping the 
binding of synthetic disaccharides representing epitopes of chlamydial 
lipopolysaccharide to antibodies with NMR. Biochemistry 39, 12778-12788. 
(103)  Mayer, M., and James, T. L. (2002) Detecting ligand binding to a small RNA target 
via saturation transfer difference NMR experiments in D2O and H2O. Journal of the 
American Chemical Society 124, 13376-13377. 
(104) Onda, M., Yamamoto, Y., Inoue, Y., and Chûjô, R. (1988) 
1H NMR Study of 
Intramolecular Hydrogen-Bonding Interaction in Cyclodextrins and Their Di-O-
Methylated Derivatives. Bulletin of the Chemical Society of Japan 61, 4015-4021. 
(105)  Christofides, J. C., and Davies, D. B. (1982) 
1H and 
13C N.M.R. Observation of 
2H 
Isotope Effects Transmitted through Hydrogen Bonds. Journal of the Chemical Society, 
Chemical Communications, 560-562. 
(106)  St-Jacques, M., Sundararajan, P. R., Taylor, K., and Marchessault, R. H. (1976) 
Nuclear Magnetic Resonance and Conformational Studies on Amylose and Model 
Compounda in Dimethyl Sulfoxide Solution. Journal of American Chemical Society 15, 
4386-4391. 
(107)  Eftink, M. R., Andy, M. L., Bystrom, K., Perlmutter, H. D., and Kristol, D. S. (1989) 
Cyclodextrin Inclusion Complexes - Studies of the Variation in the Size of Alicyclic 
Guests. Journal of the American Chemical Society 111, 6765-6772. 
(108) Ivanov, P. M., Salvatierra, D., and Jaime, C. (1996) Experimental (NMR) and 
computational (MD) studies on the inclusion complexes of 1-bromoadamantane with α-, 
β-, and γ-cyclodextrin. Journal of Organic Chemistry 61, 7012-7017.   50
(109)  Bender, M. L., Van Etten, R. L., Clowes, G. A., and Sebastian, J. F. (1966) A 
pictorial description of the "Lock and Key" Theory. Journal of American Chemical 
Society 88, 2318-2319. 
(110)  Nogami, Y., Nasu, K., Koga, T., Ohta, K., Fujita, K., Immel, S., Lindner, H. J., 
Schmitt, G. E., and Lichtenthaler, F. W. (1997) Synthesis, structure, and conformational 
features of alpha-cycloaltrin: A cyclooligosaccharide with alternating C-4(1)/C-1(4) 
pyranoid chairs. Angewandte Chemie-International Edition in English 36, 1899-1902. 
(111)  Fujita, K., Shimada, H., Ohta, K., Nogami, Y., Nasu, K., and Koga, T. (1995) β-
Cycloaltrin: A Cyclooligosaccharide Consisting of 7 α(1→4)-Linked Altropyranoses. 
Angewandte Chemie-International Edition in English 34, 1621-1622. 
(112) Lichtenthaler, F. W., and Immel, S. (1996) The lipophilicity patterns of 
cyclodextrins and of non-glucose cyclooligosaccharides. Journal of Inclusion 
Phenomena and Molecular Recognition in Chemistry 25, 3-16. 
(113) Immel, S., Fujita, K., and Lichtenthaler, F. W. (1999) Solution geometries and 
lipophilicity patterns of α-cycloaltrin. Chemistry-A European Journal 5, 3185-3192. 
(114)  Lichtenthaler, F. W., and Immel, S. (1994) Molecular Modeling of Saccharides .4. 
Cyclodextrins, Cyclomannins, and Cyclogalactins With 5 and 6 (1→4)-Linked Sugar 
Units - a Comparative-Assessment of Their Conformations and Hydrophobicity Potential 
Profiles. Tetrahedron: Asymmetry 5, 2045-2060. 
(115)  Fujita, K., Chen, W. H., Yuan, D. Q., Nogami, Y., Koga, T., Fujioka, T., Mihashi, 
K., Immel, S., and Lichtenthaler, F. W. (1999) Molecular modeling of saccharides, part 
20 - Guest-induced conformational change in a flexible host: mono-altro-β-cyclodextrin. 
Tetrahedron: Asymmetry 10, 1689-1696. 
(116)  Sandström, C., Baumann, H., and Kenne, L. (1998) NMR spectroscopy of hydroxy 
protons of 3,4-disubstituted methyl α-D-galactopyranosides in aqueous solution. Journal 
of the Chemical Society-Perkin Transactions 2, 809-815. 
(117)  Sandström, C., Berteau, O., Gemma, E., Oscarson, S., Kenne, L., and Gronenborn, 
A. M. (2004) Atomic mapping of the interactions between the antiviral agent cyanovirin-
N and oligomannosides by saturation-transfer difference NMR. Biochemistry 43, 13926-
13931. 
(118)  Bhunia, A., Jayalakshmi, V., Benie, A. J., Schuster, O., Kelm, S., Krishna, N. R., 
and Peters, T. (2004) Saturation transfer difference NMR and computational modeling of 
a sialoadhesin-sialyl lactose complex. Carbohydrate Research 339, 259-267. 
(119)  Wang, Y. S., Liu, D. J., and Wyss, D. F. (2004) Competition STD NMR for the 
detection of high-affinity ligands and NMR-based screening. Magnetic Resonance in 
Chemistry 42, 485-489. 
(120)  Brisson, J.-R., and Carver, J. P. (1983) Solution Conformation of Asparagine-Linked 
Oligosaccharides: α(1-6)-Linked Moiety. Biochemistry 22, 3680-3686. 
(121)  Brisson, J.-R., and Carver, J. P. (1983) Solution Conformation of Asparagine-Linked 
Oligosaccharides: a(1-2)-, a(1-3)-, b(1-2)- and b(1-4)-Linked Unit. Biochemistry  22, 
3671-3680. 
(122)  Brisson, J.-R., and Carver, J. P. (1983) Solution Conformation of αD(1-3)- and 
αD(1-6)-Linked Oligomannosides Using Nuclear Magnetic Resonance. Biochemistry 22, 
1362-1368. 
(123) Peters, T. (1991) Synthesis and Conformational-Analysis of Methyl 2-O-(α-D-
Mannopyranosyl)-α-D-Mannopyranoside. Liebigs Annalen Der Chemie, 135-141. 
(124)  Carcabal, P., Hunig, I., Gamblin, D. P., Liu, B., Jockusch, R. A., Kroemer, R. T., 
Snoek, L. C., Fairbanks, A. J., Davis, B. G., and Simons, J. P. (2006) Building up key 
segments of N-glycans in the gas phase: Intrinsic structural preferences of the α(1,3) and 
α(1,6) dimannosides. Journal of the American Chemical Society 128, 1976-1981. 
(125)  Sandström, C., Baumann, H., and Kenne, L. (1998) The use of chemical shifts of 
hydroxy protons of oligosaccharides as conformational probes for NMR studies in 
aqueous solution. Evidence for persistent hydrogen bond interaction in branched 
trisaccharides. Journal of the Chemical Society-Perkin Transactions 2, 2385-2393. 
(126)  Ivarsson, I., Sandström, C., Sandström, A., and Kenne, L. (2000) 
1H NMR chemical 
shifts of hydroxy protons in conformational analysis of disaccharides in aqueous solution. 
Journal of the Chemical Society-Perkin Transactions 2, 2147-2152.   51 
 
 
   52
8   Acknowledgements 
 
This work was supported by grants from the Swedish Research Council. 
 
I am grateful to all our collaborators for the co-operation in these interesting 
projects: Dr. Kahee Fujita at the Department of Molecular Medicinal Sciences, 
Graduate School of Biomedical Sciences, Nagasaki University who supplied 
mono-altro-β-cyclodextrin. Dr. Stefan Immel at the Clemens-Schöpf-Institute of 
Organic Chemistry and Biochemistry, Technical University of Darmstadt kindly 
prepared the MolArch
+ picture for paper II and this thesis.  I acknowledge Prof. 
Angela M. Gronenborn and Dr. Elena Matei at the Laboratory of Chemical 
Physics, National Institute of Diabetes and Digestive and Kidney Diseases, 
National Institutes of Health, Bethesda for supplying the mutants of Cyanovirin-N 
and the ITC data for paper III. I would like to thank Prof. Stefan Oscarson, Dr. 
Martina Lahmann, and Dr. Emiliano Gemma at the Department of Organic 
Chemistry, Arrhenius Laboratory at Stockholm University for supplying 
mannoside ligands for paper III and IV. 
 
For her genuine concern not only for the progress of our work but also my 
personal development as a scientist, I especially would like to acknowledge my 
supervisor Corine Sandström. I feel fortunate to have had the privilege to work 
with such a humble and brilliant scientist. I greatly appreciate the help you have 
given me during the writing of this thesis. You found a couple of things that would 
stick out: “Comme un cheval dans la soupe!” 
 
I would also like to thank my assistant supervisor, Lennart Kenne, for his 
humour and brilliance and for giving us all the scientific freedom I think we need. 
It has really been a pleasure to be a member of your group. 
 
I owe all my co-workers appreciation for our friendship and the warm atmosphere 
at the department and I would like to mention a couple of names especially in this 
context: Per Hagback, for invaluable help in all aspects of my work, during the 
first two years at the department; Daniel Lundberg for floor ball practices before 
“Friday meetings” and valuable advice on how to make seminars of higher quality. 
(I think I need a full paragraph to mention everything that you have been involved 
in at the department, but this will have to suffice.); Anton Pohanka for 
challenging our minds to become as clever and modest as he is; Lars Andersson 
for saying what has to be said, and adding some friendly advice into almost any 
conversation; Susanna Broberg, for giving me (too) much of her time to talk; 
Nils Nyberg, Lill Kindahl and Somer Bekiroglu for helping me shift into the 
(magnetic) field of NMR. I would also like to thank Elena Ossipova, Cecilia 
Lindblad, Kersti Nilsson,  Leif Häggman,  Tomasz Niedziela,  Joanna 
Krakowiak,  Johan Bankefors,  Gunnar Almkvist,  Jörgen Sjögren,  Semiha 
Dag, Ianric Ivarsson, Pia Werndrup, Camelia Hagfeldt, Ann-Sofi Ullström 
and Ulrika Westerlind for discussions around the coffee or lunch table.  
   53 
It is always good to have a discussion about any thoughts you have concerning 
research. I would like to thank all who have attributed to my work in this way, 
among others: Anders Broberg, Jan Eriksson, Suresh Gohil, Vadim Kessler, 
Ingmar Persson, Roland Stenutz and Gulaim Seisenbaeva.  
 
I am also grateful to Rolf Anderson and for keeping the NMR spectrometers in 
shape and for suggesting the cover image. For the nice talks during lunch breaks I 
want to thank Lena Johansson,  Bernt Andersson and Stig-Arne Folkesson. 
Cristian Marcu has been the “computer-guy” during most of my time at the 
department and I feel indebted for all the help with all kinds of computer related 
problems and for sending me Raul’s way. Also there have been a number of 
helpful people at IT-stöd, among others Himmo, Hubbe, Nisse, and Hendrik. I 
have turned to Anders Sandström at a number of occasions when the printer did 
not co-operate, thank you for helping out. 
 
I would like to thank Thomas Norberg for encouraging me to begin my Ph.D. 
education at the department.  
 
For giving me something else to think of during a difficult time in my Ph.D. 
education I would like to thank my two motorcycle teachers, Johannes and Raul. 
Without the distraction of trying to get a drivers license, things would have been 
too easy… 
 
Kersti and David, you have been an invaluable help to me the past year, thank 
you. 
 
Many Ph.D:s thank their family at this point, for putting up with them during this 
time of stress. I am no less grateful for support from my family, Raul and our 
parents (Karin, Hasse, Kaisu ja Matti), but I sincerely hope I have not been too 
hard to put up with. Thank you mum for getting up at five (even though I know 
you hate it) and coming to watch Max during days when Raul and I both had to 
work! Raul I hope you know that you and Max mean everything, even though it 
might have seemed otherwise these last months. 
 